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LASERS AND MASERS

UDC 537.525
KINETICS OF CHEMICAL PROCESSES IN PLASMA OF MOLECULAR GAS-DISCHARGE LASERS

Moscow KHIMIYA VYSOKIKH ENERGIY in Russian Vol 16, No 3, May-Jun 82 (manu-
script received 5 May 81) pp 267-272

[Article by V. I. Volchenok, V. N. Komarov, V. N. Ochkin and N. I. Sobolev,
Scientific Research Physicochemical Institute imeni L. Ya. Karpov]

[Text] Molecular plasma systems are classified within the
framework of simplified three-component plasmochemical kin-
etics from the viewpoint of their operating life. The class-
ification is made according to the ratio of the rates of re-
versible and irreversible (homogeneous and hetercgeneous)
interactions. It is shown that the active media of molecular
lasers (CO2, CO and N20) investigated earlier can be described
by this scheme. The role of catalysts in extending the life-
time of the systems is determined.

A low-temperature molecular plasma is now used to implement a wide range of
processes. All the devices in which these processes are realized can be di-
vided from the viewpoint of application into two main groups: 1) devices that
utilize the plasma as an active medium of a chemical reactor, in which the in-
itial materials are reprocessed; it is desirable that these devices guarantee
high rates and degree of transformation of the initial materials to the required
reaction products; and 2) devices that utilize the plasma as an object with re-
tained properties, for example, in light sources or active media of electric-
discharge lasers. In this case, unlike the first case, it is necessary that
the concentration of initial (working) molecules be maintained at a level that
exceeds some minimum concentration required for operation of the devices for as
long a time as possible. We will consider the second case in the given paper.
The most detailed investigations of chemical processes in a molecular plasma
have now apparently been conducted for active media of continuous infrafred
electric-discharge lasers (see, for example, survey [1]). It is feasible in
this regard to attempt to classify the main types of these systems from the
viewpoint of the chemical kinetics of the gas-phase and heterogeneous processes
occurring in them.

If laser transitions occur o%)molecules A present in the initial working mix-

ture of gases, then the dependence of their concentration on time (t) can be
represented in the general case as
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[A] (1) =[A] (t=0)/(1). (1)

The form of function f(t) can be found from solving a system of nonlinear dif-
ferential equations of the type of Pauli equations that describe the total
kinetics of homogeneous and heterogeneous chemical processes with participation
of all particles formed in the discharge at different energy states. However,
solution or aralysis of this system in general form is impossible. Therefore,

the problem can be simplified for qualitative analysis and classi_\fication of the
main cases. We will consider a plasma in which chemically different components A,
B and C undergo mutual conversion and interact with the surface,

Let us also suggest that the presence of particles of other kinds in the plas~
ma, including charged and excited particles, is taken into account by effective
rate constants of reactions A, B and C and therefore the kinetics is formally
described by first-order equations.
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Figure 1. First Case of Classification of S*stem (a-c) (see text):
a--rp = 0, kY = 0; b=-rp = 0, k§ = 0, k, > kp; c—-rp = 0, k = 0.
The dependence (d) of tue concentration of N20, N3, 02 and NO mole-
cules on the time the mixture is in the discharge, the initial NyO-He
mixture (1:4) at pressure of 0.532 kPa, current density of 31.8 1\/m2
and mass spectrometric measurements; e--N20, O--N2, X--02 and +--NO

1f molecules A further break down in the plasma into particles B and C:
[A] -n{B)13(C) (atp—=1)» then

lA] i ’\'.\{1\ l+IiuA[“]"'Il'(;"l(:]'—I‘A“'[A] kra (23)
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[B] =kl B +okaA)—ka* [B]— kY [ B]+ry (2b)

(C) =—ke[C] +Pha[A] = kA [C)—ke¥ [C) +re, (2¢)

where kp is the rate constant of breakdown of A into B and C, kp and k¢ are
the rate constants of breakdown of B and C into subsequent fragments, kﬁ and
kB are the rate constants of reversible processes B -+ A and C > A, kﬁ, kVB’ and
kﬁ are the rate constants of irreversible heterogeneous binding processes of
molecules A, B and C and ra, rg and rc are the rates of appearance of mole-
cules A, B and C from external sources (separation of molecules from the sur-
face of the discharge elements, from special getters, from a ballast tank and
so on).

By combining equations (2a)-(2c), let us write

[A]=—(katks¥) [A]+kBA(akA[A]_[B]+rB)

+ (3)

kentlp* k¥
ke* (BEA[A]—[C]+rc)
+ra
ketkr+EY

and let us consider typical limiting cases, having first noted the obvious
circumstance that the cases when [A] (t*~ t) = [A], where [Al* is the density
of the working molecules similar to the optimum with regard to laser param-
eters and t* is the desirable operating time of the system, are of practical
interest among them.

1. The working molecules A break down in a plasma at considerable rate, while
the reversible reactions are hardly effective: kA[A]>ks* (B] and k*([C] .
Solution of equations’ (2) and (3) yields '

[A]=[A], exp(—kat) {exp(—kAwt) [1 +m_’;k_w).x -
oA TRA

X (exp (kat+ha¥t) —1) ]} ,

where [Alo=={A] (t1=0) . Equation (4) can be represented in the form [A] =

= [A]op(t)p(L), where (t)=cxp(—kst) describes the gas-phase process of di-
rect breakdown of molecules A in the plasma. In the simplest case of the ab-
sence of external sources (ra = 0), function P(2) =exp(—k\¥t) describes the ab-
sorption of the working molecules by surfaces. If rp # O, then separation
into two functional dependencies for homogeneous and heterogeneous processes
is unjustified, y'(t) (the expression in brackets) becomes dependent on the
rates of the gas-phase processes and with long times [A]_ sy (Rat k)

The relationship between ka, kH and rp determines the process that limits the
presence of molecules A in the system. Two limiting cases are possible in
this case.
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l1-a. The gas-phase process of breakdown of working molecules is faster than
heterogeneous processes. Some examples are presented in Figure la, b. If

ra = 0, then on the time scale corresponding to Figure la, ¥ = const = 1 and
elimination of A is determined by gas-phase breakdown f = ¢. If rp # O (Fig-
ure 1b), then y' is an increasing function and F > ¢, reaching an asymptotic
value of [A],/[A)g. The situation corresponding to Figure la is typical, for
example, for an N0 laser [2]. The corresponding data of mass spectrometer
measurements are presented on Figure 1d, showing how the densities of N0,
Ny, 0; and NO molecules (in 7 with respect to N0 in the initial mixture)
depend on the time that the discharge (with current density of 31.8 A/m?

and pressure of 95.32 kPa) acts on the initial N,0-He mixture (1.4). The
working N2 molecules are transformed (with fulfillment of the nitrogen and
oxygen balance in the gaseous phase) to 02 and N2 with formation of NO at the
intermediate stage. If the active medium of an N20 laser is connected to the
ballast gas tank containing N20, then this corresponds to the situation shown
in Figure 1b.

1-b. Irreversible heterogeneous binding processes of working molecules are
faster than the gas-phase process of their breakdown, f =y, and § = const = 1.
An example is presented in Figure lc. This situation is typical, let us say,
for CO2 or N,O lasers cooled by liquid nitrogen, where the rate of elimination
of working molecules is determined by diffusion with subsequent concentration
on the walls and kx . D/R? (D is the diffusion coefficient and R is the radius
of the tube).

2. Irreversible heterogeneous processes occur with high rate for transforma-
tion products of working molecules withoui affecting the working molecules
themselves. Thus, k\V>k?: kV<«k, and FkV<k* . Let us assume for certainty
that this occurs with regard to molecules B. Also let rp = rg = rg¢ = 0 (con-
sideration of the effect of external sources leads to results similar to those
illustrated by Figure 1lb). The particles C are intermediate in the cycle

A - C -+ A and at sufficiently large value of k‘é >>kp, according to the princi-
ple of qt:lasi-stabilit:y,:l [C] = O.

With regard to these relations, integration of equation (3) yields
e A

[A)=[AJocxp {—kA(1-akcfjrkc) t}. | (5)

If ké >> ko, then the typical time of the exponential loss of working molecules
is T = (kpo)”" (Figure 2a). In tie given case the separation f£(t) = ¢(t)y(t)
is unfeasible since gas-phase decomposition A is a limiting stage of the heter-
ogeneous reaction B.

1This is a rather general principle of chemical kinetics [3], easily fulfilleAd
for the systems being investigated. It follows from mass spectrometer measure-
mente [4] that the density of oxygen atoms is constant over the entire investi-
gated time interval ([0l = 0).
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Figure 2. _iecond Case of Classification (a) (see text): T = rAa-l

and ta =k, . The dependence (b) of variation of the density of CO
molecules in the initial CO-He mixture (1:10) on the time of the ef-
- fective discharge; pressure of the mixture is 0.798 kPa; j = 95 (1)

and 130 A/m? (2)

Key:
1. Seconds

An example trat illustrates the given case may be a nitrogen cooled CO laser.
One of the products of decomposition of carbon monoxide is CO2 molecules that
condense rapidly on the walls. With regard to the fact that decomposition of

carbon monoxide occurs mainly through two channels (5] (CO+e>C+

O + e and

CO + CO* + COz + C) and taking the ratio of the rates of the processes into
account, we assume that a = B = 1/2. Thus, the typical time of loss of work-
ing molecules T in the given case is approximately twice as high as the typical
time T of homogeneous transformations of carbon monoxide. Examples of the
experimental dependence of variation of density of CO mclecules in the initial
0O-He mixture on the time of effective discharge with cooling by liquid nitro-
gen is shown in Figure 2b. The data were found by the infrared absorption
method [6]. It is obvious that the loss of working COC molecules occurs by a
jaw close to exponential and the typical time of this process, although depen-—

dent on the discharge conditions, is short, on the order of seconds.

3. The rate of expenditure of initial and intermediate products in irreversi-
ble heterogeneous processes is less than the rate of reactions of the reversi-
ble cycle. It is obvious that in this case, due to the difference of typical

times, the sevaration f(t) = #(t)v(t) is feasible.

In this case the system initially arrives at a state of dynamic quasi-equilib-
rium and the kinetics of this process is described by the function ¢ (t).
analogy with the case of dynamic equilibrium considered in [5] in a water-

cooled CO laser, this dependence can be written in the form

¢ (t)=1-Ci(1-exp(=Cyt)),

where C1 and C, are constants that are combinations of the rate constants of
gas-phase processes. At long times t ~ t3. where tj1 >> c7l, o(t) » ¢g =1 - Cq-
To find Y (t), it is gufficient to consider equation (3) at times t > tj, taking
the initial suggestion on slow variation of ¥(t) into account, i.e., ¥(0) -
- P(ty) <<¢p(0). Om this assumption kﬁ >> k3 and in view of the principle of

5
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quasi-stability kp[A] >> [B}, [C]. Let us denote [Algég = [Alg and solution of
equation (3) at t > tj can be written in the form

[A]=[A], Cxp(—k't) + (k) (1—exp (—kt)). (7)

where ['=/ e W o e Oy - . -
:.4»-_:5'&(1:2:‘;5(}@1}“1\'\-)~1|, wiu=Bze, w=ratrumtreze, skt (bt ke the™) ™,

Assuming for demonstration that breakdown of B and C into subsequent fragments
does not occur (kp, k¢ = 0) and that there are no external sources, for t > ti,
disregarding the terms of second order of smallness, we find: [A]=[A).y(!),

Fey™ ke ' ]
T R |
L] exp a ( i B ( A ) t—k "t (8)

an can note that the expression in brackets in (8) is close to zero, but, if
ka = 0, then this expression also determines the time of displacement of equi-
librium. This case is illustrated by Figure 3 and, unlike the two previous
figures, is of practical interest in creation of sealed systems. It is ob-
vious from Figure 3 that at short times t <<t], the loss of working molecules
is determined mainly by gas-phase processes and £ * ¢. On the contrary, the
loss is determined mainly in the range t} < t - t* by irreversible heterogen-
eous interactions.

{ (I

Figure 3. Third Case of Classification of System (see text)

Despite a number of simplifications related to finding it, expression (8) per-
mits one to make some practically important conclusions. To extend the service
life of sealed systems, one should bear in mind two possibilities. 1. A de-
crease of the initial "quasi-stable" (t ~ t;) dissociation of working molecules.
This can be achieved either by reducing the rates of decomposition reactions of
molecules (for example, due to operation at lesser values of E/N with introduc-
tion of easily ionized Xe, Hg and other additives) or by acceleration of re-
versible reduction reactions, for example, by means of catalysts. 2. Reduc-
tion of the rates of irreversible heterogeneous processes by selection of the
corresponding materials during design of active components and the technology
of treating them. Expression (8) also permits one to make the not-too-obvious
conclusion that the use of catalysts that accelerate reversible reactions
affects not only the initial decomposition (t = tj) described by the value of
¢g, but alsa tke rate of irreversible heterogeneous processes, since the values
of ratios kB/kB and kg/kc are included in expression (8) for v(t). This means

6
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with respect to physics that acceleration of reversible processes reduces the
density of the reaction-capable particles of intermediate products, which are
most active in interactions with surfaces. Apparently the true mechanism of
the effcct of catalysts of reversible processes on extension of the service
1life of sealed system is included in this (rather than in a decrease of the
initial dissociation of working molecules).

[Wl]vlol)a/”,‘..x——x_—w&
6,

’-
wi Ny 197007

0
wr 3 5
zl
0
2 w60 AN

Figure 4. Dependence of Concentration (in percent of quantity of

CO5 in initial mixture) of some products of decomposition in CO2-He
mixture (1:6) on pressure py, of hydrogen additive; pressure of the
initial mixture is 0.266 kPa; density of discharge current is 64 A/m2;
1--CO3, 2 = 0, 3--OH

Key:
1. Pa

The dependence of the densities of CO; molecules and oxygen atoms on the
amount of hydrogen additive is presented in Figure 4 in percent with respect
to CO, content in the initial CO2-He mixture {1:6). The pressure of the in-
itial mixture is 0.266 kPa and the density of discharge current is 64 A/m2,
The data were found by the mass spectrometer method. More detailed data on
investigation of the effect of hydrogen additives on the chemical composition
of a plasma under conditions typical for a CO laser are contained in [7].
The density of hydroxyl radicals (in absolute units), found by the linear ab-
sorption method described in [8, 9], is presented in Figure 4 as well. A sharp
decrease of the density of oxygen atoms when hydrogen is added is noteworthy.
Since the process that limits the service life of sealed CO2 lasers is one of
binding the oxygen to surfaces [10, 11}, the effect of hydrogen additives or
water vapor on the service life of the system is explained in a natural man-
ner [10, 12]. The role of hydroxyl radicals is reduced in this case to com-
pensation for the decrease of the effectiveness of CO2 regeneration upon re-
combination of CO 4+ O + CO2 Que to the reaction CO + OH + CO2 + H.

Thus, the simple scheme of chemical transformations which we considered and
that takes into account only a limited number of components (three in the
given case) in explicit form, permits one to describe in sufficient detail

the nature of variation of the working substance in a plasma according to pres-
ently available experimental data, at least with regard to laser systems.
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upC 621
ABSTRACTS OF PAPERS ON QUANTUM ELECTRONICS

Leningrad KVANTOVAYA ELEKTRONIKA (TRUDY LENINGRADSKOGO POLITEKHNICHESKOGO
INSTITUTA) in Russian No 366, 1979 (signed to press 27 Dec 79) pp 114-119

UDC 621.373.826
SINGLE-FREQUENCY Nd:YAG LASER WITH ELEVATED POWER
[Abstract of article by Zaytsev, G. F., Kruzhalov, 5. V. and Pakhomov, L. N.]
[Text] The paper gives the results of a theoretical and experimental study of
a single-frequency Nd:YAG laser optimized with respect to output power. The
output power attained in the one-frequency steady state was 800 mW. Figures 3,
references 4.

UDC 621.373.826

SOLID-STATE RING LASER WITH LONGITUDINAL MODE LOCKING
[Abstract of article by Astakhov, A. V., Galkin, S. L. and Nikolayev, V. M.]
[Text] Experimental results are given on a YAG laser with longitudinal mode
locking. A nonreciprocal phase-shifting device based cn the Faraday effect
was used to get beats of opposed waves. The lock-in band of opposed waves
was measured at about 200-300 Hz. This low value is attributed to spatial
separation of opposed waves in the phase-synchronous multimode state. Figures
3, references 4.

UDC 621.373.826

BEAT FREQUENCY OF OPPOSED WAVES OF MULTIMODE GAS LASER IN LONGITUDINAL MODE-
LOCKED STATES

[Abstract of article by Galkin, S. L., L'vov, B. V., Nikolayev, V. M. and
Samusev, K. B.]

[Text] A method of successive approximations is proposed for calculating
the characteristics of ring gas lasers. This technique is used for calculating
the way that the beat frequency of opposed waves in a helium-neon ring laser
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depends on small alterations in cavity length in self-mode locking and forced
longitudinal mode locking. It is shown that forced longitudinal mode locking
reduces the dependence of beat frequency on cavity length compared with self-
mode locking. Calculated results are confirmed by experiment. Figures 2,
teferences 6. ‘ ‘

UDC 621.373.826:535.417

MATRIX METHOD OF CALCULATING SPHERICAL CAVITIES WITH INHOMOGENEOUS POLARIZATION
ANISOTROPY OVER THE CROSS SECTION

[Abstract of article by Petrun'kin, V. Yu. and Kozhevnikov, N. M.]

[Text] A matrix method is proposed'for analyzing optical cavities with cross
sectionally inhomogeneous polarization anisotropy generalizing the Jones method
and the method of calculating isotropic spherical cavities. This method is
used to calculate a confocal cavity with weak axisymmetric anisotropy.

Figures 4, 1eferences 8.

UDC 621.373.826
MODE INTERACTION IN WEAKLY ANISOTROPIC GAS LASER
{Abstract of article by L'vov, B. V. and Mel'tsin, A. L.]

[Text] An analysis is made of mode interaction in a weakly anisotropic two-
mode helium-neon laser with wavelength of 0.63 um in the realistic range of
pressures, intermode distances and cavity Q differences for orthogonal pola-
rizations. The width of the zone of competition of generated modes is studied
along with the addition to the frequency of intermode beats as a function

of the lasing frequency mismatch relative to the center of the line of the
equi-isotopic mixture in the working pressure range for different iantermode
intervals. Figures 3, references 12.

UDC 621.373.82%
FREQUENCY SPLITTING OF OPPOSED WAVE LASING IN HELIUM-NEON RING LASER
[Abstract of article by Okunev, R. I. and Stepanyants, A. L.]

[Text] The paper gives the results of an experimental study of additional
splitting of the frequencies of opposed waves when the beam is irised in a
ring laser cavity and the active element is misaligned. It is shown that
frequency splitting of opposed waves is due to deviation of the laser tube
capillary from the cavity axis. Figures 3, references 6.

UDC 621.373.826
PHASE RELATIONS BETWEEN MODES IN TYPE-2 SELF-MODE LOCKED LINEAR GAS LASERS
[Abstract of article by Kotov, 0. I. and Nikolayev, V. M.]

[Text] A spectral-=time model is used to analyze phase distribution in multi-
mode laser operation. A relation is established between steady-state phases

10
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of longitudinal modes and the characteristics of both the optical spectrum
and the emission pulses. The results of calculation agree with experimental
data on a linear helium-neon laser. Figures 4, references 7.

UDC 621.373.826
SOME OPERATING FEATURES OF CATAPHORETIC HELIUM-CADMIUM LASER

[Abstract of article by Andreyeva, Ye. Yu., Yelagin, V. V., Terekhin, D. K.
(deceased), Fotiadi, A. E. and Fridrikhov, S. A.]

[Text] By simultaneous measurement of lasing power and discharge plasma param-
eters of a cataphoretic He-Cd laser it is established that as the discharge
current changes, the cadmium vapor preéssure in the working part of the tube
does not remain constant despite the fact that the temperature of the cadmium
vapor source is held constant within +0.5°C. Superposition of an axial magnetic
field on the active medium in the single-frequency lasing mode leads to an
increase in lasing power. Figures 3, references 9.

UDC 621.373.826

INVESTIGATING PARTICULARS OF OPPOSED WAVE COMPETITION IN RING LASER ON 3.39 m
LINE

[Abstract of article by Andreyeva, Ye. Yu., Kirina, M. Yu., Terekhin, D. K.
(deceased) ]

[Text] An experimental study is done on the influence that gas mixture pressure
and an external axial magnetic field have on conditions of competition of
opposed waves. It is established that a reduction in pressure with consider-
ation of coupling through scattering narrows the region of competition of
opposed waves. The longitudinal magnetic field removes the competition of
opposed waves. The results enable us to calculate the coefficient of coupling
through scattering between opposed waves, and can be used in selecting modes

of operation of laser gyroscopes. Figure 1.

UDC 621.373.826
COMBINED LASER DISCHARGE WITH MICROWAVE PREIONIZATION

[Abstract of article by Golovitskiy, A. P., Kruzhaolv, V. A., Perchanok, T. M.,
Terekhin, D. K. (deceased) and Fridrikhov, S. A.]

[Text] It is proposed that a microwave discharge be used to preionize the
medium of a CO, laser. The microwave discharge is excited in a slit cut in
the narrow wall of a waveguide. Opposite the slit is an electrode to which
pulsed voltage is applied. The gain of the active medium on a wavelength

of 10.6 um is studied as a function of pumping parameters. It is established
that the microwave discharge sets up inversion in the medium only in direct
proximity to the slit, but is conducive to development of discharge in the
main volume. High gain that is uniform throughout the volume can be obtained
by appropriate selection of pumping parameters. Figures 2, references 5.
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UDC 535.853
ACOUSTO-OPTIC SPECTROGRAPH FOR RADIO ASTRONOMICAL STUDIES

[Abstract of article by Yesepkina, N. A., Kotov, B. A., Mikhaylov, A. V.,
Petrun'kin, V. Yu., Pruss-Zhukovskiy, S. V., Ryzhkov, N. F. and Shishkin, A. I.]

[Text] An examination is made of the principle of action, and results of

an experimental study are given on a model of a radio astronomical spectrograph
based on an acousto-optical spectrum analyzer, a CCD bit line and the Elek-
tronika-100 computer. The authors determine the parameters (frequency band,
resolution and radiometric gain) of such a spectrograph when operated in the
modulation mode. Figures 3, references 13.

UDC 621.385.832.5
OPTICAL-TO-ELECTRICAL DATA CONVERSION BASED ON CHARGE-TRANSFER DEVICES
[Abstract of article by Karinskiy, S. S., Kotov, B. A. and Kotov, Yu. A.]

[Text] The paper presents the working principles of new semiconductor devices
with charge transfer. It is shown that this class of new photoelectric con-
verters has a group of parameters enabling optimum realization of the capa-
bility of optical computer systems, and development of optico-digital hybrid
data processing systems with flexible structure and extensive capabilities.
Limiting values are given for errors, noises and speed of these devices, and
major characteristics of CID's are compared with those of analogous devices
(vidicons, dissectors, etc.). Figures 3, references 7.

UDC 621.327.8

DEVICE FOR INTERFACING OPTICAL AND DIGITAL DATA PROCESSING SYSTEMS USING LINEAR
AND MATRIX CHARGE-TRANSFER DEVICES

[Abstract of article by Kotov, Yu. A., Mikhaylov, A. V. and Novitskiy, A. P.]
[Text] An examination is made of the principles of design of an interface
for programmed control of linear and matrix charge-transfer devices (CTD's)
for data input to the Elektronika-100 computer. Estimates are made of the
data input time for various jnterface design structures using off-the-shelf
peripheral equipment. Figures 2, references 5.

UDC 535.241.13:534
MULTICHANNEL HIGH-FREQUENCY ACOUSTO-OPTICAL MOCULATORS

[Abstract of article by Aksenov, Ye. T., Bukharin, N. A., Rogov, S. A. and
Sayenko, I. I.]

[Text] The authors consider problems of making solid-state multichannel
acousto-optical modulators (AOM's) for frequencies of 100-300 MHz. The paper
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gives a descripcion of the technology of manufacturing the modulators and
methods of matching input impedances of channels. Results of an experimental
study of multichannel AOM's are presented. Figures 4, references 13.

UDC 535.241.13:534

INVESTIGATION OF ACOUSTO-OPTICAL SPECTRUM ANALYZERS OF RADIO SIGNALS BASED
ON BRAGG MULTIPHASE LIGHT SCATTERING

[Abstract of article by Yesepkina, N. A., Lipovskiy, A. A., Chkalova, V. V.
and Shcherbakov, A. S.]

[Text] An investigation is made of the feasibility of increasing resolution

of an acousto-optical spectrum analyzer of radio signals by using multiphase
scattering of light in crystals with a large coefficient of acousto-optic
quality. It is experimentally shown that selection of the scattering geometry
can remove the forbidenness of multiphase processes in the Bragg mode and

give effective scattering of light to the second and third orders. The authors
describe working models of acousto-optical spectrum analyzers based on the

TeO, crystal that have double. or triple the frequency resolution of analogous
devices based on single-phase scattering for the same dimensions of the acous-
tic line. Figures 3, references 8.

UDC 535.241.13:534

CALCULATING PARAMETERS OF ACOUSTO-OPTIC INTERACTION IN CRYSTALS BY PERTURBATION
METHOD

[Abstract of article by Shcherbakov, A. S.]

[Text] An examination is made of one of the possible methods of determining
parameters of acousto-optic interaction in crystals for arbitrary scattering
configuration. Covariant relations are found for the band of acousto-optic
interaction, the index of phase modulation and effective photoelastic constants
in the case of an anisotropic medium, and expressions are derived that describe
the efficiency of Bragg multiphase light scattering. The author uses the
method of expanding a single-frequency wave function in an infiaite series

of the theory of perturbations and calculating sample sums of this series

using elements of the Feynman diagram method. Figures 2, reierences 16.

UDC 621.396.67:535.241.13.534~8
EXPERIMENTAL STUDY OF OPTICAL SIGNAL PROCESSING SYSTEM IN ANNULAR ARRAYS

[Abstract of article by Vodovatov, I. A., Vysotskiy, M. G., Yesepkina, N. A..
and Rogov, S. A.]

[Text] An experimental investigation is done on an optical signal processing
system in annular antenna arrays. Operation of the processing system is con-
sidered both in the static mode (with static transparency as input signal)
and in real time with the use of an ultrasonic light modulator. The paper

13
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gives results on sigunal processing with amplitude weighting. A discrete multi-
channel reference raster is used for recording the holographic filter. Figures
4, references 4. ’

UDC 621.396.67:522.59:535
OPTICAL SIMULATION OF ANTENNA APERTURE FIELDS

[Abstract of article by Vinogradov, G. K., Vodovatov, I. A., Vysotskiy, M. G.
and Zubkova, T. I.] .

[Text] Similarity conditions of fields in optical and radio systems are con-
sidered for some specific optical modeling arrangements. On the basis of
these conditions, estimates are made of the accuracy of placing individual
components in optical simulation schemes. Figure 1, references 4.

UDC 621.372.82:621.383.8
DIFFUSION OPTICAL WAVEGUIDES IN LITHIUM NIOBATE
[Abstract of article by Aksenov, Ye. T. and Lipovskiy, A. A.]

{Text] An experimental study is done on the feasibility of making optical
waveguides in Y+ 36° and X-cut LiNbO3 plates by exodiffusion in atmosphere

and diffusion of Nat ions. It is shown that the characteristics of the resul-
tant optical waveguides are close to the characteristics of waveguides formed
by exodiffusion in vacuum and diffusion of Ag+ ions. The investigated methods
of optical waveguide formation are technologically simple and economic.

Figure 1, references 6.

UDC 621.373.826:621.397.22
USING WIDE-BAND ACOUSTO-OPTIC COMPONENTS IN LASER VISUALIZATION OF TV IMAGE

[Abstract of article by Aksenov, Ye. T., Bukharin, N. A., Ignatov, A. B.,
Kiseleva, N. V., Maron, N. F., Seysyan, R. P., Uman, S. D. Shapiro, L. P.
and Shustarev, D. Yu.]

[Text] The paper gives experimental results of investigation of a system

for laser visualization of TV images in which the laser beam is controlled

by an acousto-optical modulator and deflector with complex sectionalized piezo-
electric converters that enable scanning of an acoustic beam. It is shown

that such systems can be used to get television images with better quality

than in conventional electronic television systems. Figures 3, references 10.

UDC 535.421
LIGHT DIFFRACTION BY RELIEF GRATINGS IN TOTAL INTERNAL REFLECTION REGION

[Abstract of article by Bobrov, S. T., Butusov, M. M., Ovchinnikov, V. A.,
Turkevich, Yu. G. and Udoyev, Yu. P.]

[Text] The authors study angular dependences of diffraction efficiency of
relief gratings with spatial frequencies of 900-1700 lines/mm and relief depth

14
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of 0.02-0.4 um. The measurements were done on A=0.6 im with the grating
illuminated from the backing side. It was established that near the critical
angle of total internal reflection the angular dependences contain a structure
with form that depends on the polarization of the incident wave, period and
depth of grating relief. Possible mechanisms that give rise to this structure
are discussed. Figures 3, table 1, references 15.

UDC 778.38
METHODS OF GETTING HIGH-RESOLUTION HOLOGRAPHIC IMAGES OF MICROSCOPIC OBJECTS
[Abstract of article by Sokolov, A. V. and Bykov, V. N.]

[Text] An investigation is made of the feasibility of using methods of optical
holography for direct registration of microscopic objects, their microstructure
and spatial placement are studied, and also the dynamics of processes in systems
of microscopic objects. Microscopic objects are classified on the basis of
their light-scattering properties, conditions of image formation in Lippmann
holography and Fraunhofer lensless holography are considered, and recommenda-
tions are made on choosing the holographing arrangement as a function of types
of microscopic objects and their placement in the investigated volume.

Figure 1.

UDC 533.9
THE 'SLOW BURNING' OPTICAL DISCHARGE MODE

[Abstract of article by Pakhomov, L. N., Petrun'kin, V. Yu. and Podlevskiy,
V. A.]

[Text] Two versions are suggested for maintaining plasma combustion of an
extended optical discharge, based on the particulars of ravity design and
Q-switch. Experimental results are given. Figures 3, references 2.

UDC 681.121:539.143.43
AMPLITUDE-TAGGED NMR FLOWMETER
[Abstract of article by Dudkin, V. I., Semenov, V. V. and Uspenskiy, L. I.]

[Text] The paper describes an amplitude-tagged NMR flowmeter using the effect
of parametric resonance in a flowing liquid. It is shown that introducing
modulation of the magnetic field in the sensor of the nutation magnet charac-
teristically changes the shape of the nutation line and extends the func-
tional capabilities of the device. Figures 2, references 6.

UDC 621.373. 823:621.317.444
NUCLEAR MAGNETOMETER WITH AUTOMATIC ADJUSTMENT BASED ON MASER WITH FLOWING FLUID
[Abstract of article by Dudkin, V. I., Kravtsov, I. A. and Filimonov, V. I.]

[Text] The authors consider problems of designing an automatic magnetometer
by using the effect of nuclear magnetic resonance in a running fluid. An

15

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP382-00850R000500090006-1

FOR OFFICIAL USE ONLY

experimental study is done on a maser-based self-generating magnetometer model.
The model device was used for measuring variations in a magnetic field with
intensity of 600 * 30 oersteds [4.8-105t2387 A/m]. Relative measurement error
is no more than 10~° for the case of magnetic field veriation with frequency
w>1 rad/s and amplitude of 30 oersteds {2387 A/m]. Fignres 2, references 8.

UDC 539.184:535.21
COMBINED EXCITATION OF SPIN PRECESSION IN A GROUP OF OPTICALLY ORIENTED ATOMS
[Abstract of article by Semenov, V. V. and Sergeyeva, I. v.)

[Text] A theoretical and experimental study is done on excitation of spin
precession in a group of optically oriented cesium atoms in magnetic resonance
under conditions of intensity-modulated resonant detecting radiation. Observa-
ble signals are calculated for combined action of an intensity-modulated de-
tecting light beam and rf field on the system of optically oriented atoms.

The results are experimentally evaluated. Figures 3, references 3.

UDC 621.373.8
ABSORBED POWER OF OPTICAL RADIATION IN QUANTUM FREQUENCY STANDARDS
[Abstract of article by Matisov, B. G. and Toptygin, I. N.]

[Text] Constant populations of a three-level system interacting with resonant
rf and optical pumping fields are calculated in the first nonvanishing approxi-
mation with respect to the small parameter u/v. This extenda the previously
developed theory of absorption by an optical power system in the presence

of an rf field to vanishingly small amplitudes of the rf field. Figure 1,
references 4.

UDC 539.183.184

CALCULATING ADIABATIC AND NONADIABATIC COLLISIONAL BROADENING OF HFS LINES
FOR ALKALI ATOMS IN BUFFER GAS

[Abstract of article by Batygin, V1. V., Gornyy, M. B., Gurevich, B. M. and
Sokolov, I. M.]

{Text] The authors calculate adiabatic broadening of hfs lines of atoms of
hydrogen, Rb and Cs due to collisions with He, Ne, Ar, Kr and Se. New formulas
for matrix elements of transition with and without spin flip are derived on

the basis of the mechanism of nonadiabatic epin relaxation suggested by Hermann,
considering angular dependence. The relation between the computed cross sec-
tions and experimentally measured values is discussed. Tables 2, references 15.
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UDC 539.183.184

HYPERFINE TRANSITION LINE COLLISIONAL SHIFTS AND DIFFUSION COEFFICIENTS OF
ALKALI ATOMS IN BUFFER GAS

[Abstract of article by Batygin, Vit. V., Batygin, V1. V., Gornyy, M. B. and
Gurevich, B. M.]

{Text] The frequency shift is plotted as a function of the ratio of ionization
potentials (Ip/I,) from results of measurements of shifts of the hyperfine
transition line of alkali atoms (A) in buffer gas (B). The values of the
shifts do not diifer strongly from experimental measurements. Based on the
correlation theory of line shape, an estimation formula is derived for calcu-
lating shifts in the frequency of the hyperfine transition. The dependence

of shifts on the ionization potential ratio as calculated by this formula

gives a good description of the experimental curves. The calculated values

of the shifts agree satisfactorily with the experimental data. Shifts are
predicted for some A-B pairs. An approximate formula is suggested for the
potential of interatomic interaction of A-B pairs. The diffusion coefficients
for an extensive set of A-B pairs calculated by this potential are approximately
half the experimental values. Figures 3, tables 3, references 18.

UDC 778.38
RECCRDING HOLOGRAMS IN BICHROMATED GELATIN LAYERS WITH LATENT IMAGE MONITORING
[Abstract of article by Yerko, A. I. and Malov, A. N.]

[Text] The authors study the characteristics of latent image formation in
bichromated gelatin layers as a function of the energy of exposure and the
intensity of radiation during recording. Experiments demonstrate the presence
of a mechanism of charged ion diffusion from the exposed region, which is

a cause of decay of the latent image. An experimental curve is found for

the diffraction efficiency of the developed bichromated gelatin layer as a
function of the diffraction efficiency of the latent image. Figures 2, refer-
ences 5.

UDC 621.373.826
MINIATURE HELIUM-NEON LASER FOR OPTICAL DATA PROCESSING SYSTEMS

[Abstract of article by Pruss-Zhukovskiy, S. V., Senyukov, A. I. and Shishkin,
A. I.]

[Text] The paper gives the results of calculations and an experimental study
of characteristics of a miniature helium-neon laser for optical data processing
systems. Tests of the laser as part of the acousto-optical spectrograph on

the RATAN-600 radio telescope showed that the proposed laser satisfies major
requirements for output power, stability and reliability. References 6.

COPYRIGHT: Leningradskiy politekhnicheskiy institut imeni M. I. Kalinina, 1979

6610
CSO: 1862/174
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UDC 621.378.3
CHEMICAL-GASDYNAMIC CO, LASER USING CO+ 0+ M RECOMBINATION REACTION PRODUCTS

Novosibirsk FIZIKA GORENIYA I VZRYVA in Russian Vol 18, No 1, Jan-Feb 82
(manuscript received 15 Sep 81) pp 88-96

[Article by V. V. Kovtun, S. S. Novikov and I. B. Svetlichnyy, Moséow]

[Text] According to Ref. 1, there may be considerable excitation of vibra-
tional degrees of freedom of CO, molecules formed in the exothermal reaction
(AE 2 125 kcal/mole) of CO+ O+M recombination. In the calculation done in
Ref. 2, an examination is made of the feasibility of realizing inverse popu-
lations in the system of levels of CO, molecules that are products of the
recombination reaction taking place under conditions of gasdynamic laser (GDL)
operation. The author assumes that all reaction energy AE is released to

. vibrational degrees of freedom, and that this energy is distributed uniformly
with respect to the vibrational modes of the CO, molecules. This assumption
about the dynamics of the reaction and the process of vibrational energy ex-
change in the system of levels of CO, molecules corresponds to most favorable
conditions for realization of chemical pumping in the course of the CO+O+M
recombination reaction.

In Ref. 3 in spectroscopic studies of a steady-state CO+ 0, flame (at pressure
p= 40 mm Hg), nonequilibrium distribution of CO, molecules is observed with
respect to vibrational degrees of freedom (with preferred population of the
collective mode of CO;). The complexity of calculations of dynamics of the
three-particle CO+ O+ M reaction, absence of experimental data on the distri-
bution of reacticn energy with respect to internal degrees of freedom of CO:
molecules reguire determination and substantiation of conditions under which
recombination would lead to realization of population inversion of laser levels
of CO, molecules.

To realize chemical pumping of laser levels of CO, molecules:(A=10.6 ym), the
conditions of the experiment must on the one hand ensure a sufficient rate

of formation of vibrationally excited O, molecules in the course of the three-
particle CO+ O+ M recombination reaction, and on the other hand prevent their
rapid deactivation during relaxation processes. Chemical pumping is possible
if ratio Tchem/Trel S 1 can be met, where tchem= (k[CO1[M])™! is the character-
istic time of the reaction CO+ O+M, T.e) is the characteristic time of relaxa-
ation of vibrationally excited CO, molecules. The value of Tt ey in the reac-
tion zone 1s Tohem~0.7 8 at p= 15 atm and T= 2000 K. Estimates of Tye) under
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the same experimental conditions are made by using Anderson's relaxation scheme
[Ref. 4]: Trel=AE/O+Ty=2.3 s, where 1) is the characteristic time of relaxa-
tion of the collective mode of CO: molecules, AE is the energy released to
vibrational degrees of freedom of CO: in the course of an eclementary act of
recombination of CO+0+M, © is the magnitude of a quantum of the deformation
mode of CO;.

The dependence of the rate of the three-particle recombina:ion reaction on
particle density in the reaction zome is determined by the relation k~p,

and the relaxation rate is kyel ~ p?; therefore the relation Tchem/Trel"P—l

is met. It is clear from the given estimates that the ratlo of characteristic
times Tohem/Trel <1 will be satisfied if the pressure in tne reaction zone

is 215 atm. To retain vibrational excitation of the reaction products (CO2
molecules), the drop in temperature and density must be made sufficiently
rapid that deactivation processes in the system are "frozen".

The mixer GDL technique enables us to bring about thermodynamic conditions
necessary for chemical pumping in the reaction zone, and in the flow of reac-
tion products cooled during expansion through the nozzle. This technique
also gives us the capability of monitoring the extent of the reaction zone,
and hence the completeness of chemical and relaxation processes in the system.

In our research, we did experiments on a facility of pulsed GDL type based
on a shock tube with flat nozzle on the end face (Fig. 1). The principal
structural components of the facility: fast-
action electromagnetic valve 4 similar to that
LZ); used in Ref. 5, and nozzle-plug injector 3 of
=:ﬁj cylindrical shape with axis parallel to the
7 nozzle slit. Atomic oxygen O was produced in
e region 2 behind the reflected shock wave by
- --.-4= partial dissociation of 0z molecules in a mix-
ture of initial composition 0.40,+0.6 Ar. The
change of pressure in region 2 was monitored
by piezoelectric sensor 21 installed close to
the end face of the shock tube. After diaphragm
1 in front of the nozzlewas broken, an equi-
14 1ibrium flow of O+ 0+ Ar entered the mixing
zone, where it was mixed with the other reagent
Fig. 1 (CO+ He mixture) discharged from the cavity
of valve 4 through injector 3. The configuration
of the zone in which flow intermixing and chemical
reactions occurred in the system was determined
by the profile of the lateral surface of the cylin-
drical injector and the geometry of the subsonic
part of the nozzle (Fig. 2). The configuration
of the mixing zone and the positions of the injector
orifices determined the duration of flow intermixing
and the length of time that the gas stayed in this
zone.

Shaped nozzle 19 with profile described in Ref. 6 Fig. 2
was used in the experiments. Nozzle parameters:

19
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height of critical cross section h, = 1.0 mm, vertex half-angle a= 42°, degree
of expansion of the flow A/A*s 23. It is shown in Ref. 5 that the time during
which the gas discharge from the nozzle is steady-state is ~0.2 s. The dura-
tion of existence of steady-state conditions in the "hot" plug behind the
shock wave in the 0, + Ar mixture is considerably shorter: 1p=0.15-0.30 ms.
Therefore triggering of the electromagnetic valve was synchronized with the
arrival of the shock wave at the end face of the shock tube in such a way

that the flow injected from the channel cavity was formed with a lead of
200-300 us before the instant when the diaphragm in front of the nozzle burst.

The physicochemical processes in our research were diagnosed on the basis

of registration of intensities of spontaneous (A= 4.3 ym) and stimulated
(A=10.6 ym) infrared radiation in the working cross section of the gas flow,
and also spontaneous recombination emission accompanying the reactions

0+ 0+ 0,+ hv (Schumann-Runge band, A= 401.0 nm) and 0+ CO- CO2 + hv (continuum
280-700 nm, A= 488 nm). A diagram of the optical channels of the system is
shown on Fig. 1. The course of the recombination reaction CO+0+M was monitored
by measuring the concentration of oxygen atoms in the hot plug (see Fig. 1, 2)
and in the supersonic flow of reaction products in the cross section situated
at a distance of x=50 mm from the plane of the critical cross section of

the nozzle.

The concentrations of oxygen atoms in the hot plug were determined from measure-
ments of intensity I,o; of radiation of 0, molecules on wavelength A= 401.0 nm.
Radiation from the pre-nozzle region 2 was coupled to photomultiplier 22
(FEU-39A) through fiber-optics guide 20, quartz lens 18 and monochromator

17. Luminescence intensity I,o; is related to the concentration of oxygen

atoms in the hot plug by the expression [Ref. 7]

T4 == Conl'sn (T;) (0P, (1)

where I4031(B) 1is the magnitude of the sipnal registered on the oscilloscope
screen corresponding to radiation on wavelength A= 401.0 nm, Cyo; is the cali-
bration factor of the registration system in Vekesr/(Weem™?), Tyo1(T}) in
Wesr~'ecm®) /(X -mole?) 1is the value of function I'y(T}) that describes the
distribution of radiation intensity in the Schumann-Runge band at A=401.0 nm,
T} is the temperature in kelvins in the hot plug after equilibrium dissociation
of 0, molecules is established in the mixture of initial composition 0.40;+
0.6Ar, and [0] is the density in mole/cm® of oxygen atoms in the hot plug.

The intensity of visible radiation in the supersonic flow of reaction products
(at a distance of 50 mm from the plane of the critical cross section of the
nozzle) is determined mainly by the cross section in the chemiluminescent
reaction 0+ CO-+ CO, + hv, and hence depends on the concentration of oxygen
atoms. In this paper measurements were made of the radiation intensity in
the spectral range of A=488* 7.5 nm by using fiber-optics guide 9, inter-
ference filter 8 and photomultiplier 7 (FEU-39A). According to Ref. 8, the
intensity of radiation in the given spectral interval is related the concen-
tration of oxygen atoms by expression

iy = Ctllrlll(T) [0] [COl. . (2)

20
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Calibration factors Cyyi, Cuss Were experimentally determined. The values
of Tyes(T) at T=293 K are given in Ref. 8. To extrapolate function Tyes(T)
to other values of T we used the temperature dependence of the rate constant
of chemiluminescent reaction CO+ 0+ CO>+ hv on temperature [sic] [Ref. 9].

At T} = 3500-3850 K in the hot plug, molecules of 02(332;, v'=0,1) make the
principal contribution to radiation (A=401.0% 7.0 nm, Schumann-Runge band) of
02(3325)-*02(X32g)) [Ref. 7). 1In accordance with the Franck-Condon principle
this corresponds to excitation of vibrational levels v"2> 18 of the lower elec-
tron state of 0,(X%r3) [Ref. 10]. The equilibrium population of vibrational
levels v'"2 18 of molecules 0,(X3%:3) does not exceed 10~5 of the number of
molecules of 0,(X3IZ, v"'=0). Analogously in the course of chemiluminescent
reaction CO+0+CO,+ hv (A= 488.0%7.0 nm) we iet excitation of vibrational
levels of the ground electron state of coz(lzg) that are situated ~48 kcal/mole
higher than the ground vibrational level vy=v,= v3=0 of the €0, (*1}) molecule
[Ref. 9]. These levels are also practically unpopulated under conditions

of supersonic flow with translational temperature T= 150-300 K. Because of

low population, the given levels of the 0 and CO, molecules make no contri-
bution to radiation transfer, and therefore in recording recombination radia-
tion of 040+ 0+ hv and 0+ CO-+CO,+ hv in the given system there is no need

to account for reabsorption of radiation. This enables us to use relations

(1) and (2) that are valid for conditions of an optically thin layer.

The systematic error in measuring oxygen atom concentration 58 in the

hot plug is due to the error in determination of the quantity T401(T) given
in Ref. 7, and also to the error in measurements of the calibration factor

Cyo1. The overall error of measurements of the quantity 58 in the hot plug
did not exceed 20%.

In the case of optical measurements in the supersonic flow (x=50 mm), an

error associated with the uncertainty of values of translational temperature

is added to the above-mentioned sources of errors. Deviation of the actual
values of T in the flow from those calculated in the approximation of uniform
steady-state discharge through the nozzle is related to the possible increase

in T due to V-T relaxation of excited reaction products in the flow. Without
consideration of this factor, the calculated values of temperature T in the
expression are understated, and consequently the measured values of concentration
of oxygen atoms 58 are overstated. Therefore the systematic error in deter-
mination of 58 in the flow was from +30 to -70%.

Infrared diagnosis of the state of the nonequilibrium flow of reaction products
in cross section x=50 mm was based on measurements of intensity of spontaneous
radiation I, 3 of CO, molecules in the 4.3 um band, as well as measurements

of the small-signal gain (or absorption) Ko of the probing CO, laser radiation
(A=10.3 ym). The vibrational temperatures of asymmetric (T3) and collective
(T,) modes of the CO, molecules that are reaction products were determined

from the measured values of Iy 3 and Ky. The method of determining vibrational
temperatures from characteristics of spontaneous and stimulated emission is
given in detail in Ref. 11. In the given experiments, a beam from an LG-23

€O, electric-discharge laser (A=10.6 um) (see Fig. 1, 5) after reflection

from flat mirror 6 passed through BaF, windows 10 located in cross section
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x =50 mm and dispersion filter 15, and was incident on photoresistor 14 (FSG-
22A). From the same cross section of the flow by means of spherical mirrors
Il and 16 and narrow-band filter 12 (A= 4.41+0.05 ym) spontaneous radiation
was measured in the band of the C0, molecules with center A=4.3 ym (photo-
resistor 13).

Calibration of the system for registration of infrared radiation is described
in Ref. 11, according to which the accuracy of measurements of vibrational
temperatures T3 and T; is determined mainly by the random error and amounts
to 10%.

The parameters of the gas behind the reflected shock wave in the mixture of
initial composition 0.40,+ 0.6Ar were: pgo=15%2.0 atm, T, = 3800~ 4820 K.
Results of calculation of the relative concentration

of oxygen atoms in the hot plug (assuming establishment
of equilibrium dissociation of O molecules) are shown
on Tig. 3. Characteristic time of establishing condi-
tions of equilibrium dissociation under the conditions
of the experiment was ~12 us. After establishment of
equilibrium dissociation of 0, molecules, the temperature
in the hot plug according to theoretical calculation
dropped to T} = 3450-3850 K. The experimentally measured
concentrations of oxygen in the hot plug are shown on
Fig. 3. The relative concentrations of oxygen atoms
under the conditions of the given experiments were
£§=0.06-0.15 depending on the equilibrium temperature
behind the reflected shock wave T§. The measured values
of £ average 15% less than the calculated values.

On the basis of results of Ref. 12, estimates were made of the duration of

the process of intermixing flows as a jet of CO+He is injected in a direction
close to the normal with respect to the direction of the flow of 0+ 0z + Ar

in the cross section where the Mach number of this flow is M= 0.2. These
estimates showed that intermixing of flows is completed at distance tp ~2.5 mm
from the injection point. The time of intermixing of flows (tp~5 us) is
0.7t5, where 12 is the time interval from the instant of injection of gas
CO+ He into the mixing zone to the instant of arrival of the mixed flow in
the critical cross section of the nczzle. Comparison of the characteristic
time of the recombination reaction CO+0+M (t.hem) and mixing time tp shows
that these quantities are of the same order cf magnitude.

For efficient chemical pumping (Tchem/Trel #1) under conditions of a mixing
GDL, conditions must be favorable for the chemical reaction. This requires
organization of rapid mixing of flows (Tp = Tohem) to Produce a reaction mixture
that is uniform with respect to component makeup.

The composition of the mixture in the mixing zone was calculated in the approxi-
mation of a model of instantaneous mixing of flows under initial conditions

in the hot plug of pg= 15 atm, Ty = 4820 K. The relative content of principal
components in the mixing zone was: 0.070+0.210,+0.14C0+ 0.37Ar+0.21He.
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The kinetic scheme of processes that take piace in the mixing zone is described
by the following principal reactions:

0+ CO+ M—CO,+ M, (3)
04+ 0+4+M—>0,+M, (4)

0+ 0,4+ M= 0,4+ M, ‘ (5)
0+ 0, 20, (6)

€O + 0,—CO0, -i- 0, )

where M= 0, 0,, CO, COz, Ar, He.

Calculation of the relative contribution y made by side reactions (4)-(7)

to the consumption of atomic oxygen showed that y comprises about 20% of the
overall consumption of atomic oxygen. The calculation used rate constants

given in Ref. 13, l4. Thus it has been demonstrated that recombination reaction
CO+ 0+ M under the conditions of the xperiment makes the principal contribution
to consumption of atomic oxygen formed in the ho%: plug.

As a consequence of the strong dependence of thre rate of three-particle recom-
bination on particle density in the flow k~p , the chemical reactions in

the flow are practically frozen after passing a single diameter downstream
from the critical cross section of the nozzle. Therefore, comparison of rela-
tive concentrations of oxygen atoms in the hot plug and in the supersonic

flow (x=50 mm) gives information on the completeness of chemical processes
with participation of atomic oxygen. It has been experimentally shown that
the relative concentration of oxygen atoms in the supersonic flow is
£g§=0.005-0.008, which is considerably less than the concentration of these
atoms in the mixing zone 5;8 (585 0.07 at T} =4820 K). This result shows the
almost total completion of chemical processes with participation of atomic
oxygen in the mixing zone.

Fig. 4 shows the way that radiation intensity in

the 4.3 ym band of CO, molecules as recorded in

a supersonic flow (x2 50 mm) of reaction products

depends on relative concentration of oxygen atoms

58 in the hot plug. The quantity I4.,s3 increases

linearly with increasing E§ in the range from 0.08

to 0.13. The increase in relative concentration

£§ in the given experiments was achieved by increas-
Fig. 4 ing the initial temperature behind the reflected

shock wave in the mixture of 0.40,+0.6Ar. This

led correspondingly to an increase in translational temperature T in the super-

sonic flow; however, as shown in Ref. 15, changing T has little effect on the

intensity of radiation in the 4.3 um band of CO, molecules.

ot ,U:’

Probing the flow of reaction products with electric-discharge CO, laser radia-
tion in cross section x =50 mm revealed absorption of laser radiation (A=

10.6 ym) with absorption coefficient K¢=0.0-0.03 m~}. Vibrational temperatures
that describe the populations of levels of asymmetric (T3) and collective (T3}
modes of the CO, mclecules that are reaction products were determined from the
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measured values of Ko and the intensity of spontaneous radiation in the 4.3 um
band of co, molecules.

Vibrational temperatures were calculated for experimental conditions with
maximum (in the given experiments) content of atomic oxygen in the mixing

zone £ =z 0.07 (at T, = 4820 K). The amount of energy stored in a unit volume

of gas during recombination reaction CO+ 0+M is proportional to the number

of CO, molecules that are formed, and consequently to the initial concentration
of atomic oxygen 58. Thus the conditions of calculation correspond to the
maximum contribution of energy from recombination reaction CO+ O+M

to the total amount of energy of the gas, and consequently to the vibrational
degrees of freedom of CO, molecules.

The state of the gas in the cross section of the flow (x=50 mm) to which
the calculated values of vibrational temperatures T3 and T, are referred cor-
responds to: 0.06C0z+0.230,+0.09 CO+ 0.39Ar+0.23He, T=190 K, p= 2.5¢1072
atm. The values of the vibrational temperatures of CO molecules were:
T;=2080 K, Ty = 1100 K.

The experimentally obtained high values of T3 evidence appreciable excitation
of vibrational levels of CO, as a result of reactions that occur in the mixing
zone. We will show that excitation of the asymmetric mode of CO, molecules
is due to the recombination reaction CO+ O+M, and that the contribution of
other chemical processes is minor. Consider the kinetic scheme of chemical
processes with participation of hydrogen-containing impurities H, (H20) . Ac-
cording to the technical specifications of the degree of purity for the gases
used in the experiments (0, CO, Ar, He) the content of impurities H; (H20)
does not exceed 6+10~° mole fraction. Additional purification of 02 and CO
was done by fractional distillation of the gases. Argon was dried in a trap
with liquid nitrogen (T=77 K). With low content of impurities H, (H,0), the
kinetic scheme of the reactions ir the system CO+ 0z +H; (H20) in addition

to reactions (3)-(7) includes the following processes:

h
0 + Hy—n OH + H, )
k
H 4 0,%== OH + 0, 9
-9
k1o
0 41,0 ’=== 20M, (10)
t-10
LT .
o IL0==11, 1 Ol (1)
b
hya
CO + Ol == CO, |- 1, (12)
12
h
0 4 11 M—> OIT .- M, (13)
h
0, + 11 4 M—> 110, - M. (14)
24
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The values of reaction constants (8)-(14) are given in Ref. 13, 14. Under
the conditions of the experiment we have the ratio of concantracions fol,
{021>>[Hz ] ([H20]).

Analysis of kinetic reaction scheme (8)-(14} can be conveniently divided into
two cases: a) hydrogen H, is the predominant impurity in the initial mixture;
b) the principal hydrogen-containing impurity is from Hz0 molecules.

In case a), calculation in the approximation of rapid establishment of quasi-
~teady concentrations of atoms H and radicals OH (d[H]/dt = d[0H]/dt = 0) with
consideration of conservation of the number of atoms H in a unit volume of
the reacting mixture written as

(17 + (01 + 2[11.] == 2111, 15

leads to the relation

_[onj

.98 1
L

Z .
o Ko 101/ T o 11 Ik

kﬂ
- (16)

2]0

With variation of the parameters in the mixing zone T = 1660-1820 K, £H=0.04-
0.07, the value of Z ranges from 0.16 to 0.18. Thus the content of OH radicals
is practically constant in the formulated experiments (assuming the same ini-
tial content of H; impurities in the investigated mixtures).

Consideration of the other mechanism of formation of OH radicals with partici-
pation of water vapor impurities (case b) leads to the relation [OH] = 2[H,0]
since chemical equilibrium in the main reaction (10) of this mechanism is
strongly shifted to the right. Analysis of both mechnisms of formation of

OH radicals shows that the OH content in the mixing zone remains constant
with an appreciable change in conditions in the hot plug: To= 4000-4820 K,
£§=0.07-0.13.

If the vibrationally excited molecules of CO: (v3) were formed in reaction
(12), the rate of formation of CO; molecules would be determined by the re-
lation

 ky(COpfoI1] — S22 Call T I Call (17

Y

d ICO'.!.(VS)I
dt

where 1; is the characteristic time of relaxation of molecules of CO2(v3)

in the reaction zone, [CO,(v3)] is the equilibrium content of CO: (v3) in the
reaction zone at T.= 1820 K, pc 215 atm. Under conditions of dynamic equilib-
rium between processes of chemical pumping and deactivaticn of levels of
CO,(v3) (at d[CO,(v3)]1/dt = 0) we have the condition

[CO,(vs)] = [COLv)] + kv, [COI [OM], (18)
The time of establishing this mode is ~0.02 us. From an examination of the
quantities appearing in the right member of equation (18) we see that the
values of T1, k12, [CO2(v3)] vary weakly over a range of Tc= 1660-1820 K,
£§=0.07-0.13. The concentration of OH radicals, as shown by analysis of

kinetic reaction scheme (8)-(14) with participation of impurities of H (or
H,0) and CO molecules, remained almost constant in all experiments.
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Expression (18) shows that the content of vibrationally excited molecules
of CO,(v3) should be unchanged in the mixing zone in the supersonic flow.
The experiments showed linear dependence of 1,.3(E5) (see Fig. 4) at tf=
0.07-0.13. Since I,.3~ [CO2(v3)], comparison of the experimental plot of
14.3(58) and expression (18) demonstrates the validity of the assumption of
the insignificant contribution of reactions (8)-(14) with participation of
H, (H,0) to formation of COz(vi).

The concentration of molecules of CO,(vi) under conditions of quasi-steadiness
of reaction CO+ O+M~+CO,+M and processes of vibrational relaxation satisfies
the relation

- Equation (19) shows that Iy,3~ [CO2(v3)]~ED (or 58). Thus the assumption
of chemical pumping of CO2(vs) during recombination reaction CO+0+M~>CO+M
is in agreement with the experimentally obtained plot of I, 3(E).

In the given analysis of the dependence I4.3(£f), we used results of infrared
diagnosis of vibrationally excited molecules of €02(v3); therefore the question
of the possible contribution of reaction (12) to formation of CO2 molecuies

in the ground vibrational state requires separate consideration. When the
value of ky2 from [Ref.] 14 is used, it is shown that the maximum content

of CO, molecules formed in reaction (12) does not exceed 0.3% of the total
concentration of particles in the reaction zone. Thus the given analysis

of the kinetics of chemical processes in the system of reagents using equations
(3)-(14) and analysis of the experimental dependence I4.3(£§) indicate that

the main reaction leading to formation of CO; molecules is recombination reac-
tion CO+ O+ M.

The values of T3z 2080 K found in the experiments correspond to a much greater
population of levels of the asymmetric mode of CO» molecules that are the
reaction products of recombination (by a factor of 1.6) than when the levels

of this mode are populated in the mixing GDL based on inert mixtures of
CO, + Ny + He at initial temperature in the hot plug of To= 3850 K. The con-
siderable population (T = 1100 K) of levels of the collective mode of CO, mole-
cules is the reason for absorption of probing radiation (A=10.6 um), despite
the high values of vibrational temperature of the asymmetric mode T3. Reali-
zation of conditions that favor relaxation of levels of the collective mode

of CO, molecules that are reaction products should lead to population inversion
in the system of vibrational levels of these molecules.

Experiments were done with displacement of the probing region downstream to
the flow cross section situated at distance x=95 mm from the plane of the
critical cross section of the nozzle. In this case, amplification of the
CO, probe laser radiation was observed in the stream of CO; molecules. The
measured gains were z1.3 m~! (Fig. 5).

In this research, experiments were done with
partial replacement of the helium in the CO+ He
mixture by carbon dioxide injected from the
valve cavity. These experiments enable esti-
mation of the influence that CO, molecules
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formed in the initial stage of mixing of streams of O+ 0, + Ar and CO+ He,
and possibly having lost a considerable part of the vibrational excitation,
have on the gain in the expanding flow. The action of this mechanism was
simulated by introducing "cool" CO, molecules into the CO+ He mixture.

The measured values of gain Kg=1.3 n~! showed little change as 5&02 ranged
from 0 to 0.03 (see Fig. 5) (£fo, is the relative concentration of CO2 mole-
cules introduced into the CO+ He mixture as calculated in the approximation
of the instantaneous mixing model for streams of 0+ 0,+Ar and CO+ COz +n2).
A further increase in concentration in a range of Efg, = 0.03-0.08 led to a
reduction in gain from 1.3 to 0.6 m~). Since the rate of reaction O+ COz~
CO+0; is small, introducing "cool" molecules of CO, into :he mixture injected
from the valve cavity has little effect on chemical equilibrium in the system.
The observed reduction in K¢ with increasing tdo, is thus due to the partici-
pation of CO2 molecules introduced into the CO+ He mixture in relaxational
V-T and V-V' processes. '

Thus in this research we have realized chemical pumping of levels of the asym-
metric mode of CO, molecules populated in the course of recombination reaction
CO+ 0+ M. Population inversion was achieved in the system of levels (00°1-
10°0) of CO, molecules formed in the course of this reaction under mixing
GDL conditions.
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OPTOELECTRONICS

THEORY OF DYNAMIC IMAGE SELECTION EFFECT IN PHOTOREFRACTIVZ MEDIA

Leningrad FIZIKA TVERDOGO TELA in Russian Vol 24, No 2, Feb 82 (manuscript
received 16 Jul 81) pp 337-343

[Article by V. V. Bryksin, L. I. Korovin, M. P. Petrov and A. V. Khomenko,
Physicotechnical Institute imeni A. F. Ioffe, USSR Academy of Sciences, Lenin-
grad]

[Text] A model of a photorefractive medium is proposed

that leads to the phenomenon of dynamic selection of images
——flashing of images in the recording light after it is
switched off in the geometry of a PRIZ optical electro-
modulator. The results of the theory for diffraction ef-
ficiency of the medium as a function of the time of exposure
of the recording beam and the frequency of its spatial modu-
lation agree qualitatively with experiments done on Bi;25102¢
crystals.

Tuvestication of procccees of optical data vecording in photorefractive crys-
tals has led to the detection of an unusual effect -- suppression of stativuary
parts of images being recorded, and isolation of the nonstationary parts [Ref.
1]. This phenomenon, which has been termed the effect of dynamic selection

of images, may be treated under certain conditions as time differentiation

of an unsteady pattern presented to the crystal, whereas the response of light-
sensitive media is usually proportional to the integrated action of an optical
input signal. Experimentally, the effect of dynamic selection of images has
been observed in image recording on a thin (20.5 mm) B12S1029 single crystal
plate cut in plane [111] or [110] when an electric field of 1-2-10" V/em is
applied to this plate by transparent electrodes applied to the faces of the
plate parallel to the given planes. If an image in blue or green light is
presented under these conditions to the given structure (which is called a
PRIZ light modulator), with readout at the same time in polarized red light,
the readout light will show mainly the nonstationary parts of the recording
image. The principal characteristics of this experiment are readout light
intensity of £10-5-10~* W, rate of change in input information =1-0.1 s,
degree of suppression of stationary part of the image 10-20 dB.

Experiments done with the PRIZ modulator show that image recording arises
due to excitation of photocarriers by the recording light, the charge
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redistribution being proportional to the distribution of intensity of the
recording light. The resultant charge distribution causes electric fields

to appear in the crystal, giving rise to spatial modulation of birefringence.
The polarized readout light undergoes a change in the state of polarization
due to the transverse electro-optic effect. It has been experimentally estab-
lished that with slow changes of input signal intensity J(x, y, t), the phase
difference A¢(x, y, t) between the ordinary and extraordinary readout beams

at the output of the device is proportional to dJ/dt [Ref. 2]. Although at
present the relation between the electro-optical characteristics of the crystal
and the condition of image recording has been fairly well established both
experimentally and theoretically [Ref. 3], and we also have some idea of the
nature of charge distribution under steady-state conditions [Ref. 2], nonethe-
less the dynamic behavior of the system leading up to the effect of dynamic
selection of images has not been studied, and there are not even any reliable
qualitative ideas about the nature of this effect.

This paper is the first to present a theoretical analysis of a model picture
that allows us to establish the major causes leading to the effect of dynamic
selection of images.

1. Qualitative Picture of the Phenomenon

When the transverse electro-optic effect is used, the phase difference Ap(x,
y, t) is proportional to the integral characteristic I(x, y, t) of the trans-
verse field E| that is set up in the specimen [Ref. 4]

do

I (x, y, t)= S E, (2. y, 2, t)dz, : )
1

where the z-axis is opposite to the direction of the external field Eo applied
to the specimen, and dy is the thickness of the specimen. An important charac-
teristic of the photorefractive medium is diffraction efficiency n. In the
case where A$<1, it can be considered with fair accuracy that n~ (A¢)2, and
consequently n is proportional to the square of the amplitude of modulation

of the quantity I(x, y, t).
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Fig. 1. Schematic picture of the change in direction of

transverse fields Ey in time. Solid arrows in regions 3

and 4 indicate the direction of Ey under lighting, and the

broken arrows indicate the direction of Ey after lighting

is switched off. The direction of the light beam is shown

to the left of the y-axis. It is assumed that light is
completely absorbed at distance a~l.
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The qualitative picture of dependence of I on time t, which is what determines
the effect of dynamic selection of images, can be explained in the following
way. To simplify the discussion, let us assume that there are illuminated

and unilluminated sections of the plate surface. 1In an illuminated section
(region 1), after the light is switched on, photoelectrons and ionization
donors appear (see Fig. l). Charge separation begins in an external field

Eq. If diffusion processes are disregarded, the space charge will extend

over the illuminated regions along the z-axis (region 2). Assuming that dif-
fusion takes place slowly compared with motion in the external field, the
entire process of establishment of the steady state in the system can be broken
down into two stages: establishment of a quasisteady state in regions 1 and

2, and spreading of the charge in direction y on the second stage (into regioms
3 and 4). On the first stage the negative charge 1is balanced that consists

of the electrons in the band and those captured by traps in regions 1 and 2.
This balancing under conditions of electroneutrality of the specimen leads

to charge separation. In the process of charge separation, region 1 is posi-
tively charged with respect to region l; the transverse field is directed

from 1 toward 3 (solid arrows on Fig. 1). In region 2, which is negatively
charged, E, takes the opposite direction. Conditions in an experiment are
usually such that ado>1 (a is the coefficient of absorption), and therefore
region 1 is smaller than region 2. 4s a result, the shielding action of the
metal electrodes (shielding length of che order of a period of spatial modula-
tion 7g) reduces the total field E, more strongly in region ! than in region 2.
Thus on the first stage the main coutribution to I(t) is from the field between
regions 2 and 4. This stage is characterized by an increase in image bright-
ness.

On the second stage, the negative charge of electrons in the band and on traps
is equalized by diffusion along y. In such equalization the contribution

to I(t) from the negative charge gradually disappears. The quantity I(t)
begins to decrease in absolute value, vanishes, and after sufficiently long
times reaches a steady-state positive value that is determined by the contri-
bution to field Ey from nonuniformly distributed positively charged donors.
As we can see from the following, image storage takes place on this stage.

After lighting is switched off, the system arrives at the initial equilibrium
state, and free electrons in region l recombine on donors. Recombination
will continue due to electrons from region 2 that enter region l through the
external circuit. And if diffusion in the transverse direction is the slowest
process, no negative charge will remain in regions l and 2, whereas a positive
charge will remain in region 1 since some of the electrons are distributed

in regions 3 and 4. On this stage, a transverse field arises between regions
2 and 4 (broken arrows on Fig. 1) so that the directions of the field coincide
between regions 2, 4 and 1, 3. This leads to a further increase in I(t) as
compared with the steady-state value. Diffusion from regions 3, 4 into 1, 2
begins to reduce the field Ey, and the electrons entering region 1 recombine
on donors. As a result this leads to total disappearance of the local charge
and the internal field.
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2. Description of Model and Principal Equations

Let us consider a dielectric (photoconductor) with two systems of discrete
levels: donor levels with concentration nq and trap levels with concentration
nt. Of all possible transitions between levels and the conduction band, in
future we will consider transitions from donors in the conduction band under
the action of light and recombinations from the conduction band on donors,

and also capture of band electrons by traps and thermal ejection of electrons
from trap levels into the band. With consideration of this, the system of
equations studied below for determining electron concentration n in the band,
the concentration of ionized donors nj and charged traps n_ can be written as

€3 (n - n_ — n,)[0t = epEodn|0z - ukTd*n/oy?, @)
on,[ot=gB (to — t) F (2, y) ng — n,[zy, 3
on_1dt =nn,fd —n_jx,. (4)

Here e is the modulus of the electronic charge, u is carrier mobility in the
conduction band, gF(z, y) is the rate of generation of electrons from donor
levels under conditions of nonuniform illumination. 8(tg-t) is the Heaviside
function (step) that switches off the light at time tg; light is switched

on at time t=0. It is assumed that the light is modulated along the y-axis.

Processes of recombination and capture in equations (3) and (4) that are non-
linear in nature are approximated by linear processes: recombination on donors
is described by term n4/1q, and capture on traps is described by term nn./9,
(14 is the effective time of recombination on donors, 6t is the constant of
capture on traps). This approach disregards depletion of donor levels and

the nonlinear term that limits filling of traps. These approximations are
valid when conditions ny<<n4, n_<<n; are met (n_ is the concentration of
charged traps), which corresponds to illumination levels that are not too
high. After switching off the recording light, the system can be returned

to the initial state only if the electrons are moving in a direction perpen-
dicular to the external electric field Eo. In this connection, equation (2)
takes consideration of electron diffusion along the y-axis. Accounting for
diffusion processes along the external field should not cause any qualitative
change in the results. The right-hand part of equation (2) is the divergence
of current density in which the term nV¢ is omitted, i. e. the influence of
internal fields on electron motion is disregarded. Here ¢ is the potential

of the internal fields, i. e. the fieldg that arise as a result of charge
redistribution after discounting field E;. The distribution of electric fields
is determined from Poisson's equation

T = (4re/t) (n +n_—n,), (3)
where ¢ is the permittivity of the crystal. Let us note that equations (2)-
(4) are a linearized version of the general system of nonlinear equations
that describe the way that internal fields in the crystal depend on time and

coordinates in the presence of spatially modulated illumination and under
conditions of current passing through the specimen [Ref. 5].
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For further analysis it is convenient to convert to dimensionless variables
N=n/ng, Ny=nylng, {=az, §=ay,
B=pEpty, ¥'= ukTalegle, @=nq/d ] (6)
w=1glty, t=t[tg, = ea¥p/(4neng),

in which equations (2)-(5) take the form

3 (N 4 N_ — N,)]d< =BoN/o 4 8a*N [dE2,
ON, [ot=¢0 (%0 — %) gF (L E)— Ny
ON_[ot =QN —wlN_, %o == Lo/Tds
[(0%/96?) + (0406} @ =N 4- N_— N,.
It is assumed below that lighting intensity is modulated by a cosine law,
and damps out exponentially into the plate, so that F(g, £) is equal to
F (L, E)=-exp(—L) [1 4 beos (x, §)], »=2m/(aly). (8
3. Integral Characteristic of Transverse Field

™

In virtue of the linearity of equations (6) and the selected form of light
modulation, all unknown quantities (concentrations of electrons, ionized donors
and charged traps, and also the internal field potential) are representable

as A+ Bcos«kE, where A and B do not depend on £. Since a contribution pro-
portional to A does not lead to a transverse field, we consider below only

the contribution proportional to B, i. e. the first (and in this sense the
only) Fourier component of the internal field. Therefore only the first har-
monics of the concentrations and potential are considered below (without chan-
ging the symbols).

In the internal transverse electro-optic effect, the diffraction efficiency n
of the light-sensitive medium is determined by modulation of the phase dif-
ference A¢. Therefore we investigate below the first harmonic of the dimen-
sionless characteristic of the transverse field (see formula (1))
d
I()=1 S @ (5. T)dt, == ad,- ©)
0 .

The solution of system of equations (7) is given in the Appendix. I(t) takes
the form

[ (t)/(bgxg)) = S (1) 0 (o — ) - [W(x) — W (x — o) 0 (v — =0l (10)

where W is the sum of the exponentials and of the oscillating part

W (x) =W (x) + C (p$) exp (—p$7) + C (p5) exp (—p57) + Crexp(—7) (1)

(analogously for W(t-Ttg)). S(1) (see 0, 6) corresponds to the steady-state
value of I, i. e. when 19> ® and T+ », and W is the sum of the oscillating
terms

4G N a4 iBY,)  [exp (—pit) | exp(—Pit)
‘V(=)=—T,,2_,n°{(1—mk)(n*+0i)[ o L]

f(P=p—p) (14 Qu(w—p) O=2rk/d, } (13)
G = [t — exp (—d)] th (xd/2).
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The period of oscillations and damping of exponentials in (12) is determined
by quantities pﬁ

pE=2" (0404384 B8, + VT T o+ B 1 B0)° —do (0 + BOy)-  (14)

The nature of the oscillations of I(t) is analogous to that described in
Ref. 5. Coefficients C and C; are equal to

C(p)=11(2G/d) — x (1 — exp (—d))] /* (p). (15)
Ci=(1—g)? ([Geth (gd/2) —xq (1 — oxp(—d))] [g + *2/f] [¢* — '} +
+ (1 +%/B) S (1)), (16)

where q=q(-1) is given in the Appendix (I, 1). Curves of the time dependence
of I calculated by formulas (10)-(16) are given on Fig. 2 and 3.

rwe’

1o}

asr

Fig. 2. Time dependence of integral -05
characteristic of transverse field
at different values of the external
field Eq. Values--8: 1--10"%, 2--

5:107", 3--=; w=10"%, Q=10"%, aly=
100, d=10, 3:’5,10-3: bg tg= 1037? Fig. 3. Time dependence of integral

characteristic of transverse field
at different times of switching off
the lighting. Values of 1p: 1--
0.4-107, 2--1,5-107, 3--3.0-107.
50l1id curve corresponds to T+ .
w=10"%, 9=10"2, alg=10, d= -,
§=10"", B=-10"3, bg 1q=10""

Curve 3 increases from 0 to the extre-

mum value in time T~} at the se-

lected values of parameters in time
t~100

4. Discussion of Results and Comparison With Experiment

As can be seen from Fig. 2 and 3, the proposed model leads to a time dependence
I(7) that in general features coincides with that found in section 1 from
qualitative considerations. If conditions are met that preclude oscillations
of the quantity I, i. e. for the interval of fairly weak and fairly strong
fields (Fig. 2), then the time dependence of I? behaves as follows. I? passes
through a maximum, vanishes, and then settles to a steady value. The vanishing
of the I? should show up in the experiment as a single flicker of the image.

A rather significant property of this model is the appearance of a maximum in

34

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1

FOR OFFICIAL USE ONLY

the response of the medium to switching off illumination, i. e. one of the
manifestations of dynamic selection of images. The maximun of the intensity
of the flash in the readout light after switching off the .ighting depends
strongly on the switch-off time, and for small switch-off times practically
disappears. For example the ratio of the maximum of 12 for curve 3 to the
maximum for curve 1 (shown by broken lines on Fig. 3) is 30.

Let us now turn to analysis of the dependence of 12 on the frequency of spatial
modulation of light /27 (let us recall that 1? determines the diffraction
efficiency n of the medium). Since the function I(k) is parametrically depen-
dent on time, it is convenient to study the dependence on x at small T, where
I(t) depends linearly on time. If we assume that w<<Q, &<«<l, then at suf-
ficiently small times in formula (11) we can omit terms proportional to

exp (-1), exp (-plfr) and exp (-pft). Besides, if we disregard diffusion at

small times, then term exp (-pgt) is very weakly dependent on t. Finally,

if we assume that w>>py (1. e. 2>>B0;), then formula (10) is simplified,

4Cbgt o O 0 -
@ & TF I an

! (‘t)= -_—
Summing the series, we finally get for 12

n (x)=(““f§“ﬁ )2{ it -(’,—te:;:})—d) [’l Lh%— th %3}’ (18).

0702 05 1 2 3 0 20 50
73, lines/mm
Fig. 4. Diffraction efficiency in relative units as a function of spatial
frequency of lighting modulation. The crosses denote experimental values.

The arros shows the point of coincidence of the experimental and theoretical
curves; d=0.72 (do= 400 pym, a=18 em™Y)

We see from (18) that at smallk, I2~«k, and then I? passes through a maximum
(at kpax ¥d), and as k=, 1> ~k2 (Fig. 4). The dependence of n on « has
been experimentally observed on a PRIZ modulator in which the active element
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was a B11,810,9 single crystal plate 400 um thick. The recording was done in
AG laser light (A=476 ym, a =18 cm™ ). The experimental points are shown

on Fig. 4. At small values of spatial frequencies (151 <1 line/mm), the linear
section of the dependence Vn(t) was not experimentally observed, which pre-
cludes measurement of n(x) in this frequency region. However, the experimental
curve for dependence of n on the /§patia1 frequency measured in the region

of nonlinear time dependence of vn has a maximum at 13} of about 1 line/mm
[Ref. 4], which agrees with the conclusions of the theory.

Comparison of the results of the theory presented in this paper with the avail-
able experimental data [Ref. 1-4] shows that the proposed model qualitatively
explains the principal observed effects: the presence of dynamic selection

of iamges, the presence of a maximum in n(x), dependence n(k) ~ k™2 as k+®,
However, quantitative comparison on the given.stage is extremely difficult

in view of the absence of reliable experimental values of the relaxation char-
acteristics of photostimulated centers and charges (-rd, B¢ 1¢). Therefore,
the proposed mechanism at present cannot be considered the only possible or
predominant mechanism for the specific conditions under which the experimental
studies were done (Bi,,S10,p crystal, type of contacts, range of applied fields
and lighting intensities and so on).

Appendix
After Laplace transformation of equations (7) with respect to time under zero

initial conditions for all concentrations, and elimination of N., we get an
equation for electron concentration

dN bgtgexp (—L) [1.— exp (—pta)l .
TN+ TE =0, (1)

0(p) = —(x28/B) — (p/B) 11+ (p+ )]

(p is the Laplace variable, Tp=tp/tq). Equation (II, 1) was solved under
the condition of electroneutrality of the specimen

d
Sdc(N+N_—N,,)_—.o. (1, 2)
[1]

Setting up the combination N+N_-N., we get the Poisson equation for the
first harmonic of the potential

dzp .
T — 0=V, exp(—ql) + Vyoxp (L), - (1L 3)
Vy=bgzy [oxp (—d) — 1] [ — exp (—pza)] p~! (p-[- )" (g — 1)1,

Ve=0bgrq (1 —¥3B) [f —oxp (—pro)] p~" (n L )77 { — 7%
Solving equation (II, 3) with boundary conditions ¢(0) = ¢(d) =0, we get the
potential in the Laplace representation
o =V,0Q(q) + V20 (1), (1, 4)
Q (q) = (q® — #2)71 (sh xd)? [e=9¢ sh (xd) — e~27 sh (x{)} — sh = (d —{)].

Integrating ¢ with respect to [ from O to d, and multiplying by x, we get I(p)
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I(p)=—V1S(g) = VS (1) (11, 5)
S(q) = (g* — )" {1 + exp (—qd)] [th (xd/2) — (x/g) th (gd/2)}." (1, 6)

Inverse Laplace transformation of quantity I(p) leads to formula (10), which
gives the exact expression for I(t) in the given model.
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UDC 537.533.001

USING OPTICAL DATA PROCESSING

Moscow OPTICHESKAYA I OPTOELEKTRONNAYA OBRABOTKA INFORMATSII in Russian 1976
(signed to press 30 Aug 76) pp 155-214

[Chapter 6 from book "Optical and Optoelectronic Data Processing', by Valeriy
Konstantinovich Ablekov, Petr Ivanovich Zubkov and Aleksandr Viktorovich
Frolov, Izdatel'stvo 'Mashinostroyeniye', 6000 copies, 255 pages]

[Text] The field of optical data processing includes various methods of measur-
ing and transmitting optical signals. The purpose of optical processing is

to separate the signal from noise, to measure its individual parameters, to
filter the spatial frequencies of the signal, and also to synthesize indi-
vidual optical systems.

6.1. Optical Systems for Filtering and Isolating Signals Against a Noise
Background

One of the important jobs of filtration is that of producing an optical system
with transfer function H(u) =1 [Ref. 64, 166]. Let us assume that there are

n linear systems connected in series. The spectrum of the signal at the output
of the last system is defined by the expression

Foud)=H 1 () Hy(u)...H (1) Fy (),

where Hp(u) is the transfer function of the n-th system. Theoretically, we
can create such a system in which

H,,(a)=l/n Il Aaw). (. 1)

1 A4l

In this case, the overall transfer function is equal to 1. 1In practice, con-

dition (6.1) cannot be satisfied since any optical system has a limited en-
A-1 n

trance pupil. If " " H,u) has a series of zeros or approaches zero for high
1 ki1

spatial frequencies, then transfer function Hy(u) must have a large value

for frequencies corresponding to these zeros. This cannot be done for passive

filters. However, for a limited frequency band in a small region near the

optical axis condition (6.1) can be satisfied.
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The problem of determining the transfer function can be approached from another
standpoint, viz. as a problem in reconstructing the initial function when

it is transmitted by a discrete set of arbitrarily shaped pulses [Ref. 66].
Let us isolate a function f(x) that is limited with respect to spectrum (-ug,
4+uy) from a sequence of equidistant pulses (Fig. 6.1):

£i9=3 F(5ib(x—nx,),

fAemeoe

= where the readout interval is x¢< 7/ug.

) )
Hole) . TR
f,0 [ s f me
- (x \\,x x) | AL

Fig. 6.1. On determining the ideal optical system

If F1 (U) = ¢{f1(x)}, then

. =t oo )
F,(u):_-E f(nxo)e—ln:.l,=2 F(a+ 2:’:
. 0

Re=—e Amene

Nes oo
)=2 F (u+2uqn).
Ron—on ’ : .
Passing such a signal through a filter with transfer function

L <y
Huw={ o mS . 62

we get a signal at the output in the form of the Fourier spectrum F; (u)H(u) =
F(u) of initial fumnction f£(x).

Now let us assume that to reconstruct the distribution of f(x), rather than
taking the sequence of pulses f;(x), we use the signal

fold=3 £ () hy(ra—no)

where ho(x) is an arbitrary function selected from considerations of simplicity

in obtaining it. Obviously fo(x) can be treated as the output signal of a

hypothetical filter with input signal fo(x) and response function ho(x). If
H@=Hyuw)H @) 63

is a function defined by expression (6.2), then the system will be ideal.
This method appreciably improves optical imaging systems.

Another important job of filtration is signal detection against a noise back-
ground. If the useful signal at the input to the system is f(x), and noise
or interference is n(x), then to maximize the signal/noise power ratio, the
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transfer function of the optimum system is [Ref. 19, 184]

F (")
opt( u)~ N ' (6.4)

where N(u) is the noise spectrum.

For the case of white noise, where the spectrum is constant, the resultant
expression takes the form Hopt"F (u).

Thus for the simplest cases the system is a matched or complex-conjugate filter.

The matched filtration technique also enables solution of the pattern recog-
nition problem. Let a signal f=f;+f,+f3+...+fn go to the input of a
system, and let the system perform the operation of matched filtration. We
pass the signal simultaneously or sequentially through n filters with transfer
functions Hy*(u), Hao*(u),..., Hp*(u).

The corresponding response functions of these filters are normalized relative
to the energy contained in each component of the input signal. Under this
condition, the signal at the output of the system is maximum for the channel
where the corresponding component is filtered by its own matched filter.

The intensity for the k-th component is defined as

I ""tl’dllr _j -
I |Ha%du e

I=

For all other signals the intensity is

j H‘.F;dur
Le=22=1 nze
| \Faitdu
Using the Schwarz inequality, we get

l S H,F‘du I |H.|'du§ |F'du.

which implies that /,< 5 |H P du=1,.

If the signals are different in scale, we can write I, =CIy, where €C<1, 1i. e.
slight differences in scale lead only to a reduction of signal intensity.
Thus matched filters can be used to detect any signal of a set that is known
beforehand.

Optical filtration of a signal is most easily accomplished in coherent systems
of sequential Fourier transformation (Fig. 6.2).
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fx, r - _ ' 0.y)
(xy) &’ " - gy

Fig. 6.2. Diagram of optical filtration

B Having the spectrum of spatial frequencies of input signal f(x, y) in plane P>,
we acquire the capability of changing the amplitude and phase of each com-
ponent F(u, v) individually, i. e. we can perform the operation of filtration.
Let us assume that a transparency is placed in plane P with complex amplitude
of transmission H(u, v) = ¢{h(x, y)}. Field distribution immediately behind
the transparency is Uy(u, v) =F(u v)H(u, v). As a result of secondary Fourier
transformation by lens L;, we get signal g(x, y) in plane P3, which is equal to

g(x yj=C S.j F (,v) H (1, v) e-1es+ondudv=

=—{[7@&nh(x—t y—m)den.
Thus a correlation signal is observed at the output.

In an analogous way we can perform the operation of filtration in all other

systems of optical convolution. For example, for imaging systems with inco-
herent illumination that are linear relative to the input signal intensity,

the operation of filtration is performed by placing the filter in the plane

of the exit pupil since intensity distribution in this plane and the distri-
bution in the image plane are related by a Fourier transform. Such a method
(apodization) is used to reduce aberrations and for a posteriori correction

of a photographic image [Ref. 57, 154].

Limitation of the spatial frequency band takes place in optical systems. For
example in the arrangement represented in Fig. 6.2 the pupil of lens L; is

such a limitation. The range of frequencies transmitted is increased if trans-
parency f(x, y) is placed immediately in front of lens L. In this case,

a quadratic phase coefficient will appear in the formula for Fourier trans-
formation of the input signal. As a rule, this coefficient has no appreciable
effect on the course of filtration. It should be recalled that the ratio
between the product of Fourier transforms and the convolution formula is real
only for spatially invariant systems. This fact imposes a condition of input
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and observation of the signal in isoplanatic regions (paraxial region). Since
we have explained the influence of these factors previously, we will assume
for the sake of simplicity that the system is free of aberrations, spatially
invariant and transmits all frequencies characterizing the input signal. As
has alreadybeen pointed out, there are two mathematically equivalent approaches
for analyzing optical systems. This fact dictates two methods as well for
synthesizing the required filters.

For synthesis in the frequency region, a filter with a certain transfer charac-
teristic H(u, v) is introduced in the Fourier transform plane of the signal,
and acts directly on its spectral makeup. For synthesis in the spatial region,
a filter with response function h(x, y) (reference mask) is placed in the
image plane and changes the signal at the input to the system. Both methods
give the same result; however, the display of the output signal is different.
In the case of transformations in the frequency region, the resultant signal

is detected in the form of intensity distribution in the plane of observation.
For transformation in the spatial region, the signal manifests itself in a
single point.

) L Py

N\
(N
V A /7| NV ©
2t FL L f 1 !
; UL y ! rv

Fig. 6.3. Diagram of optical filtration in spatial region

Fig. 6.3 depicts an optical system using filtration in the spatial region.
A plane monochromatic wave from a point source illuminates the transparency

- with function of transmission f(x, y) located in plane P;. Lens L, forms
an image of the transparency in plane P; while forming spectrum F(u, v) simul-
taneously in plane P,. Reference filter mask h(x, y) is located in plane Pj.
Thanks to signal transformation by lens L;, field distribution corresponding
to the Fourier transform of the product f(x, y)h(x, y) 1is observed in plane Py.

If the transparency at the input is shifted in the x and y directions, the
signal at the output of the system takes the form

g@nmnw=cjfM—&y—Mh&nh”"“Wﬁm.

Thus, in order to get the transformation of convolution, it is necessary to
have u=v=0. In this case

g(x, y)=CI S (x—t y—n) A (g n)dedn.
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The technique of spatial transformations requires the operation of scanning,
which is not needed for the technique of filtration in the frequency region.
In most cases, the filter introduced into the optical system ic recorded on
photographic film as some transmission function. In the frequenc¥ region
the filter transmission function has the form H(u, v) = |H(u, v)|e ¢(u,v)
Spatial filters are usually passive elements, and consequently |H(u, v| <1,

i. e. the possible values of complex filters are in the limits of a unit circle
with center at the coordinate origin of the complex plane (Fig. 6.4).

Let us now go on to examine some problems of
1’MLWM“V synthesizing spatial filters. The simplest

optical filter is a binary filter that has values
. equal to zero or unity. Such filters are simple
,RqM%JU to make as they are merely different limiting

-1 diaphragms. Despite the relative simplicity,

They are used to handle some important jobs

in optical filtration. Abbe was one of the

mrt first to describe the use of binary filters
for filtering the spectral componeuts of an

Fig. 6.4. On defining the optical image in his theory of im:ge formation

parameters of a spatial in the microscope [Ref. 96].

filter

I1f an object of the grating type is placed in
plane P, (see [Fig.] 6.2), the distribution of the spectrum in the rear focal
plane of lens L; is a set of functions sinu/u localized in the vicinity of
points corresponding to the principal spatial frequency of the grating and
its multiple harmonics. Besides, a focused signal of the reference beam
will be observed. By placing different binary filters in plane P (holes,
slits, limiting diaphragms) we can get different images at the output of the
system. For example if we introduce a limiting diaphragm so that spatial
harmonics u are transmitted, the image of a one-dimensional grating with rec-
tangular line shape is transformed to a sine-wave grating with doubled spatial
frequency [Ref. 166, 187].

Binary filters are used to increase the contrast of an ordinary photograph
with partial or complete suppression of the spectral component of zero fre-
quency. To do this, an opaque or partly transparent circle of definite size
is placed on the axis in plane P, [Ref. 166, 187].

Binary filters have found extensive use for visualizing phase inhomogeneities
in shadow methods [Ref. 20].

Binary filters are also used to solve the problem of optimum filtration in
isolating a periodic signal against a noise background. It is known from
communication theory that an ideal method for isolating a periodic signal

in the presence of noise is formation of the function of cross-correlation

of the input signal with a function that is a series of &-functions with inter-
val in space corresponding to the fundamental frequency of the signal. The
optical equivalent of construction of the cross-correlation function is in-
sertion of an opaque mask in spectral plane P; (see Fig. 6.2) with apertures
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that filter the spectral orders of the periodic input signal. The tfansfet
characteristic of such a filter is

H ()= X4 (u— mu,).

' Let the signal f(x) at the input be equal to the sum of the useful periodic
signal f,(x) [and] noise n(x)

f(x)=fi(x)+n(x),

where f, (x)::ECe"'":‘_

As a result of filtration and double Fourier transformation, we get a distri-
bution at the output equal to

g(A=C,[ /(0 % Zdx—ms)].

where x, is the spatial period of the useful signal. Obviously the function

of cross—correlation of the periodic signal with the sum of §-functions of

the same period is the sought signal except for a constant coefficient. The
convolution of the function that describes the noise with the sum of §-functions
is equal to a constant quantity that is related to the average value of the
spectrum of noise power. Consequently, the distribution of intensity at the
output is

1(x)=IC /1(*)+ Cy"

Binary filters are used for optimum filtration of optical signals that have

a sufficiently uniform spectrum. In this case, the filtration process is

done with some approximation since complex filters are necessary in the general
case. However, the problem is simplified by the fact that the binary filter
can be calculated on a computer. Let the Fourier transform A(u)e“‘ U) of

the sought signal f(x) = a(x)el$(X) be known. The approximate matched filter
for such a signal has the transfer characteristic [Ref. 150]

_ 1 1 Awecosjas+e(m)) _ \ 0.m)ec :
H) =545 (@ cos tau + v @I §C( »m) cos [mau-+-me ]}

where C (0, )= S -
n m
2P(I—T)P(|+—2—)
L m.=0

\}
' 'Z" A2, m=12.;

l‘(l ___’;L)' p(|+_';'._} are gamma functions; a is the frequency of the spatial
carrier. ‘

Substituting the values of coefficients, we get

H W=+ Ew_?_(-'_")l‘}“_"ﬂ éo.s[mua—}- my(w). (6.5
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1f the filter is installed in the optical system shown in Fig. 6.2, we have

a series of images at the output that are localized in orders of the spectrum.
Under condition a2 2b (2b is the maximum linear dimension of the input signal),
the m-image is shifted relative to the axis by distance >2ab, and consequently
the resultant images do not overlap and do not interfere. Let us rewrite
expression (6.5) in the form

H (u)=2 CO. 1M eimputnin,
m=0,41,43 '2,,

From this we see that for a signal with spectrum A(u)ei¢(u), the filter is
phase-matched at m=-1. A pulse code signal is detected by such a filter.

The next class of filters are amplitude and phase filters with transfer charac-
teristics that can take on any values between O and 1 on the real axis (see
Fig. 6.4). These filters are usually recorded on photographic emulsions,

the transmission function of the processed film also varying in a range of

0 to 1. Amplitude filters are quite useful for detecting or isolating a signal
in the presence of noises with respect to the criterion of mean square error.
This criterion postulates the minimum value of ¢ [Ref. 93]:

- 2

f (% y)— H S (& 0 h(x—t, y—n)dean

Let us assume that signal f(x, y) with known autocorrelation function Re(x, y)
is distorted by noise n(x, y) whose autocorrelation function Rp(x, y) is also
known. To carry out the operation of optimum filtration with respect to the
criterion of the least mean square error, it 1s necessary that the transfer
function of the filter have the form

Sy(u, v). )
Sy, )+ Salw, 0’

H (u, v)=
where Sg(u, v) and Sp(u, v) are spectral densities of signal and noise

Sy (. )= [ Ryl e+ axdy.

Here H(u, v) is a real positive function, and therefore an amplitude filter
can be used.

Amplitude filters are also used instead of binary filters if the presence
of an abrupt transition at a boundary leads to undesirable interference ef-
fects.

The effect of phase spatial fiitration consists in delaying individual spatial
components without changing their amplitude. Phase filters take on a value
between -1 and +i on the imaginary axis of the complex plane. Such filters
are made by applying a thin film on a plane-parallel plate, or in the form

of specially shaped glass plates (cylindrical, conical lenses and so on).
Phase filters have found wide application in phase-contrast microscopy [Ref. 3]
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and for processing radar information [Ref. 119]. For example, a reflected

radar signal obtained by a synthesized grating is recorded as a one-dimensional
Fresnel diffraction structure (one-dimensional zone plate) with focus that
depends on range coordinate. The corresponding range-matched filter for each
channel is a combination of lenses. The filter includes conical lenses for
compensating the change in focus and a set of cylindrical-spherical lenses

for Fourier transformation of the signal with respect to azimuth, and construc-
tion of an image from the range coorcinate. The effectiveness of such process-
ing lies in the nature of the light signal and the matched filters that transmit
light almost without losses.

Combined use of amplitude and phase filters enables image correction. Ampli-
tude-phase control is realized directly on the entrance pupil of the optical
system. This method is like apodization in that it utilizes control at the
input (or output) of the system and incoherent lighting. The thing that es-
sentially distinguishes it from apodization is correction in phase and ampli-
tude. Amplitude and phase filters are also used for filtration in the fre-
quency region (double diffraction method) with the system shown on Fig. 6.2.

1f wavefront distortions on the exit pupil in the imaging system are equal
to W(p), the compensation filter mask installed on the pupil must have trans-
mission function H(p) = e-1kW(p)

Obviously such a filter is complicated to make. Therefore most frequently
a mask is made with transmission function

H (0= (CHeos W @ F 3D

where C is a parameter associated with the aberrations introduced by the sys-
tem; § is the coefficient of reduction of aberrations. If c>1, the mask
simply attenuates radiation. 1f ¢<1, amplitude and phase filtration are
accomplished with change in phase [by] 0 or w. For the case C=0 we get the
most favorable conditions.

The next important stage in development of the technique of optical data pro-
cessing was the use of filters realized on the basis of methods of holography.
The principle of optical filtration in combination with holography enables
registration and processing of a wide class of complex optical signals.

Let us consider the procedure of realizing a filter for optimum isolation

of a known signal against a noise background. The transmission function of
the filter is described by expression (6.4). The denominator of Hopt(u) is

a positive function and is realized by conventional methods of photography.
The function F*(u) in the general case is complex, and the technique of holog-
raphy is used for recording it. Optical arrangements for formation of F*(u)
are given on Fig. 6.5 [Ref. 188, 189]. They are modified versions of systems
for recording Fourier holograms. The resultant function takes the form

T ()= () -H-F (0 5210, (N [F () cos g ()~ 8 ()]
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3, 3 assignment of function f(x);
. 2

P,--plane of registration of
holographic filter

where Ug(u) = [Ug(u)| exp 1¢(u) is the field distribution in the reference beam;
F(u) = IF(u)|e 92“) is the spectrum of the sought signal. We can get the neces-
sary value of F*(u) by varying the value of |Uo(u)| and ¢(u). By combining

the resultant hologram with a positive that has transmission 1/N(u), we con-
struct the filter

T _ @it | B ook

N@ . N @)
1f Ue(u)=C and ¢(u)=0bx, then
o= A+ Hiw) ™"+ Hie™,
where A(a)=|Ug(")|’ +|F (“.)la i H(0)= CF*u) :
. N (u) N (u)

C and b are constant coefficients. The third term of this expression corre-
sponds to the transfer function of the sought filter. The filter is set in
plane P, of the coherent optical system (see Fig. 6.2), the signal to be ana-
lyzed being formed at the input of this system (plane P;). In observation
plane P; the field distribution g(x) is equal to the Fourier transform of

the product of spectrum F;(u) of input signal f,(x) and the filter T(u) /N(u),
i. e.

g(x)ﬁ# jFa () A ) e."’h% § Falw) Hi () e .

+’2',IT S Fy(w) Hy(u) """y, (6.6)

The first term of expression (6.6) characterizes distribution localized near
the optical axis of the system, and in the given analysis is of no interest.
The second term characterizes the filtered signal, the field distribution
being localized near a point that is displaced relative to the optical axis
by an amount x=b. It will have the maximum value when the spectra Fj(u) and
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F(u) coincide. The field distribution characterized by the third term will

be shifted relative to the axis by an amount x=-b. With appropriate selection
of the values of b, all three patterns are separated in space relative to

one another. In the simplest case of steady-state white noise N(u) = const

we observe the function of cross-correlation and the function of convolution
of the useful input signal with the signal recorded on the filter simultane-
ously in plane Pj:

[ /10 /% 4 bHOB=[fulx+B) X £tk * (6.7)

[ 1O f(x—b—Bde=[fi(x—8) X [ (x=b). - (5.8)

1f f,(x) contains a series of signals that are separated in space, then the
maximum value is observed for the signal that is determined by the autocorre-
lation part of expression (6.7). In this way the problem of recognition and
detection of the sought object is solved. When several filters are recorded
on the same light-sensitive medium, several signals can be recognized simul-
taneously without using the operation of mechanical scanning or change of
fiiters [Ref. 87].

Note should be taken of some peculiarities inherent in the given method.
Translational displacement of the input signal leads to the same displacement
of the signal of convolution or correlation in the observation plane. A change
in scale of the signal without altering overall intensity leads to signal
attenuation. In an analogous way, filtration is sensitive to rotationms of

the initial signal. The permissible displacements and rotations of filters
depend to a considerable extent on the nature of the sought signal [Ref. 190].
Most often, the problem of optimum filter placement is resolved by changing
the scale and angular orientation to maximize the signal at the output of

the system. Unfortunately, such an operation consumes considerable time.

The given method has been used to recognize a known shape or part of a text
against a background of a complicated transparency [Ref. 187]. It has been
suggested that the method can be used with appropriate updating for high-
speed recognition (reading) of printed symbols [Ref. 124, 131].

An interesting possibility has opened up with the use of matched optical fil-
tration for correcting the direction of flight of an aircraft [Ref. 191].

In this technique, the signal coming from the radar screen of an aircraft
flying at a certain altitude (radar map of the region) is compared with the
signal recorded on a hologram filter (marker inside the given territory).

The same method has been used for recognition of markers in spaceflight [Ref.
142). An advantage of the method is simplicity of recognition. It is only
required that the object to be recognized fall within the field of view of

a telescope carried on the spacecraft.

The input optical image can be made in the form of an ordinary transparency
that provides amplitude modulation of the radiation passing through it. An
optoelectronic holographic device can be used in the same way with deformation
of a reflecting surface, which enables phase modulation of the incident light.
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The experiment used photographs taken on missions of the Gemini-4 and Gemini-5
spacecraft. The setup of the experiment was similar to that diagrammed on
Fig. 6.2. The light source was a helium-neon laser.

Landmarks were recognized in eight regions characterized by different dimen-
sions and terrain from photographs of the northeasterm part of the Arabian
Desert. In every case, recognition was successful. The signal/noise ratio
was in a range of 100-250. It was established that high contrast of objects
is not a mandatory requirement for reliable recognition.

Recognition of individual valleys and even sections of desert was completely
satisfactory.

Recognition was possible even with photographs of poor quality. It was suc-
cessful even when drawings and maps were used for making the spatial filters.
1t was established that recognition of an object is possible even with cloud
cover of 90% of its surface area. This effect can be attributed to the fact
that the intensity of luminescence of points in the plane of recognition de-
pends nonlinearly on the area of the given object.

The dimensions of the optical image and the spatial filter may differ by 15%
without destroying reliability of recognition. There are methods that can
ensure recognition even if the dimensions of the corresponding images differ
by a factor of ten. The same methods can be used for determining such naviga-
tional parameters as altitude and slant range. Spatial filters have been

used for recognizing stellar objects, which are ideally suited for this purpose.
In this case, the signal/noise ratio reached 400.

To guarantee a predetermined error, the focal length must be increased with
increasing distance of the vehicle above the surface of the planet. For the
described system, the error did not exceed 10~%. A source of error is the
limited resolution of the vidicon; the magnitude depends directly on the dimen-
sions of the field of view of the telescope, and can be reduced by a correspond-
ing increase in focal length. In the case of flight at an altitude of 160 km,
the focal length can be taken as equal to 15.2 cm. Then the angle of view

of the telescope is 6°, and the magnitude of the error in measuring the position
of a landmark does not exceed 15 m. At higher altitudes, the same precision

can be achieved by increasing the focal length.

Methods of optical filtration and holography are used to solve the problem

' of posterior correction of photographic images, which in principle is analogous
to construction of an ideal linear system [Ref. 166]. To do this, it is neces-
sary to know the scattering function of the forming system in the presence
of distortions. It has been possible in practical cases to improve the images
of objects such that each point has undergone aberrations that are the same
in the statistical sense. This means that the distortions should not disrupt
the spatial invariance of the forming system. From the expression character-
izing the structure of the image on the photographic plate as recorded in
the spatial region,

gx)=1(x)xh(x) (6.9)
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and the corresponding expression for the frequency region

aw=I/@L@, . (6:10)

where
L(@)=2 (A (=)

we see that to isolate the sought image it is necessary to have a matched
filter with transmission function T=L*/|L|2?, since GT= I. Here I(x) is the
distribution of intensity of the undistorted image; |h(x)|? is the scattering
function of the shaping system. The component L* of the filter is made by
recording the spectrum of a point source (positive) obtained in a system with
aberrations on a Fourier hologram. Component.ILl2 is formed by recording

the power spectrum of this image on a photographic plate placed in the focal
plane of the corresponding lens. By installing filter T in plane P, (see
Fig. 6.2), and the positive to be corrected in plane P, we get an improved
image in one of the diffraction orders in plane P3. It should be emphasized
that the given method corrects images only within the limits of those spatial
frequencies that have passed through the system. Thus at the output one ob-
serves a signal of the form

£ (%)=1 (%) % | ()P, i (8.11)

where Ihl(x)l2 is the scattering function (intensity-response function) of

the corrected system. The difference between a system with transfer function
L1(u) = ¢{|hy(x)|?} and a system with transfer function L(u) = o{|n(x) |2} con-
sists in the fact that in the latter system the spatial frequencies are shifted
in phase and have lower amplitude than those of system Li(u). The existence

of a finite number of zeros in function L(u) has no significant influence

on the effect of filtration.

1f the photographic image has been obtained in the presence of a steady-state
turbulent medium and the exposure time is much greater than the time of fluc-
tuations, the photographic emulsion fixes the average intensity distribution
[Ref. 166]:

(g()) =1 (x) % ( Ih, (0P,

The scattering function of the system, assuming quasimonochromatic illumination,
is written as

(Vg ()Y = (v (X)) re (%)

where <y> is the averaged function of mutual intensity in the plane of the
entrance pupil of the forming system as determined by the point source in
the object plane; ho(x) is the response function of the forming system. In
the frequency region we have

(@ (a)) =1 () (T (@))|H (@)
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or, assuming that all spatial frequencies characterizing the object are re-
corded,

(@) =1 () (T (@)

It is clear from this that to realize the operation of matched filtration
we must have a filter of the form

T (#)==C/(T'(u)).

In the general case, its realization necessitates the use of holograms; how-
ever, for most cases, such as inhomogeneous steady-state media, y(x) is a
real and even function. Consequently, conventional photography can be used
for recording <I'(u)>.

The effectiveness of this method has been experimentally studied [Ref. 162].
A turbulent steady-state medium was modeled by heating air in the region
situaced between the object and the shaping lens. The image of the object,
and also an image of a point source located in the center of the object plane
were fixed on photographic emulsion. The matched filter was made by photo-
graphing the spatial spectrum of the image of the point scurce and processing
the photographic emulsion with contrast coefficient equal to unity. The image
was corrected in the system diagrammed in Fig. 6.2. The experiments showed
that the quality of the photographic images is considerably improved if the
blurred scattering function is gaussian.

The idea of posterior correction of images was further developed in Ref. 178.
Let the blurred image of an object be defined by expression (6.11). If signal
g(x) passes through a system with response function h;*(x), where

Iy ()P % B (x)= ‘3: I @ h“(x+E)ciE=B(x). (6.12)

then we get a deblurred image characterized by function I(x). Condition (6.12)
for the frequency region is written as LH;*=1.

Realization of the proposed method is optically accomplished by two techniques.
In the first case, the function g(x) is recorded on a Fourier hologram. As
a result, we get a transparency with transmission function

(w)==1-|-|GP -+ G- G*=1+|GP+ /L4 /*L*. (6. 13)
Placing this hologram in the original position and illuminating it with wave

H,, we isolate the field distribution characterized by the last term of equa-~
tion (6.13): TI*L*H; = I*,

Fig. 6.6. Diagram of image

posij?ve observation
deblurring using a pcsitive

holo plane

Tll . (ny)
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As a result, an improved image is reconstructed (Fig. 6.6). Wave H; (u) is
formed by illuminating the (positive of) image of the function h; (x) placed
at the location of the point source.

1In the second case, a Fourier hologram of the image is recorded with an extended
reference source h;(x). The transmission function of the holograms is

T (6)=(@+H)@FH P =I0F HH P+ ILHI+ PLH,

1f LH*=1, the corrected image is formed in a beam of light characterized
by the term ILH*=1,

For this purpose, the resultant hologram is placed in the original position
and illuminated by a wave from a point source situated in the location of
the extended source h; (x) (Fig. 6.7).

observation The given technique has been used to
reconstruct lensless Fourier holograms,
which were produced by using an extended
object in the form of a frosted plate
and a set of point sources (a two-
dimensional grating of 9000 point
diaphragms [Ref. 179]). Reconstruction
Fig. 6.7. Diagram of reconstructing was done by the arrangement diagrammed
deblurred image from a hologram in Fig. 6.7 using the same reference
sources. Since condition (6.12) was
satisfied by using extended reference sources of the indicated type, an image
of good quality was observed. The experiments showed that the setup is quite
critical to exact placement of the h, (x) transparency. With a mismatch of
~8 um, the reconstructed image was completely suppressed by noises [Ref. 719].

It should be emphasized that the effectiveness of the proposed techniques

for image deblurring depends in large measure on the accuracy of measuring

the scattering function of the system. Only in the case where lhl(x)l2 is
known and does not vary from experiment to experiment (steady-state system)

can a matched filter be formed or the function hy(x) be selected. In principle,
the scattering function is calculated on the basis of certain assumptions
relative to the statistical characteristics of introduced distortions. How-
ever, such an approach has so far had little success in practice [Ref. 143].

The methods considered above have applied to classical methods of optical
filtration. The technique of holography has only appreciably simplified the
formation of optimum filters. The principles lying at the basis of holography
have led to the development of new methods of optical filtration that had

not existed before. Let us consider a relatively simple method of compensating
phase distortions based on the property of holograms to reconstruct both a
real image and a complex-conjugate virtual image [Ref. 21, 148, 153].

An inhomogeneous optically transparent medium is described by the spatial
variation of the index of refraction n(z). For inhomogeneities with geometric
dimensions much greater than a wavelength, the scalar ecuation of propagation
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takes the form

Vit nt(2)u=0, (6. 14)

where k=2n/A, u is complex field amplitude. For waves propagating at a small
angle to the z-axis, the solution of equation (6.14) is written as

u=fe . (6. 15)

Here f(z) is a slowly varying function, B= const. The families of rays charac-
terized by solution (6.15) and by the complex-conjugate sclution have the

same optical path, but propagate in opposite directions. Therefore if a wave
front that has been scattered and distorted by the inhomogeneous medium is
fixed on the hologram, and then during reconstruction a ccmplex-conjugate

wave front is passed through a system that introduces the same distortions,

the phase aberrations of the wave front are compensated.

This property is extensively used for eliminating lens aberrations [Ref. 182],
and for suppressing noise in interference studies [Ref. 132].

Investigations have been made of the effectiveness of using this method
to compensate atmospheric distortions [Ref. 109].

An optical diagram of the facility is [] laser
shown on Fig. 6.8. The reference 0
beam was formed by objective lens \Q—__-[::}
0 and collimator C, and directed M

by mirror M, to hologram I'. The
working beam bassed through beam
splitters B; and B,, through a
glass plate with thickness of 2 c¢m
with inhomogeneous air pockets,
and was incident on target T. A

flat mirror was used as the target. ?{

- Part of the radiation reflected by My b 7
the target passed a second time
through the distorting medium and Fig. 6.8. Diagram of experimental
beam splitter B; and was incident setup for studying the method of com-
on hologram I'. In this way, the pensating atmospheric distortionms:
actual conditions of observation 0--objective lens; C--collimator; M--
of objects through the atmosphere mirror; B--beam splitter; D--inhomo-
were simulated for illumination geneous glass plate; T--target; I'-—
by a coherent light wave scattered hologram; F--plane of interference
by inhomogeneities. On the recon- pattern observation

struction stage, the hologram was

illuminated by the wave reflected by mirror My. The complex-conjugate image

of the distorting medium was projected in plate D. As a result, phase aberra-
tions were compensated, and an image of the target illuminated by the scattered
light wave was observed. To bring the directions of propagation of the working
and reconstructing beams into register, a cyclic interferometer was used (the
Hari-Haran interferometer [Ref. 127]). Alignment accuracy was checked by the
interference pattern in plane F.
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An advantage of this method is that it is not necessary to precalculate or
measure the distortions that are introduced —- compensation for them is rea-
lized automatically. Among its disadvantages are the necessity of bringing the
directions of propagation of the reference and reconstructing beams into exact
registration, and also the need for good collimation. The slightest deviation
from these conditions negates the effect of interference suppression. Let

us also point out that practical implementation of the given scheme necessitates
fast-acting light-sensitive media. The entire procedure of recording and recon-
struction must be carried out in a shorter time than the characteristic period
of oscillation of fluctuationms.

To distinguish an optical signal against a background of steady-state noise,
the technique of subtraction of optical signals has been suggested [Ref. 133,
105]. The operation of subtraction is accomplished by means of interference
between the reconstructed signal recorded on the hologram and the signal arriv-
ing at the input of the system.

Let there be a hologram with transmission function
1(x)=C -+ yTud (x)4yT ugu (x) [P 7N | gfiher=r(0)) - (6 16

on which signal u(x) is recorded. Here T is exposure time; y is the coefficient
of contrast; ug is the field of the reference wave. By reconstructing the
hologram with wave upeikdX  and simultaneously illuminating it with wave

uel?d x), we observe in one of the diffraction orders distributions of the field
of form

[Cu’ (x)+yTu’ (x) u* (x)] €™ —yTupu(x)e! "+ (6,17)

Considering
Y= —C/Tu.l

we find from (6.17) that complete suppression of the signal in the given dif-
fraction order requires satisfaction of the condition

B 4 _u(x)

a'(x) a(x) u

and since usually u§>>[u(x)]max, it is sufficient that ug/u' (x) 2 up/u(x).

Thus if there are two optical signals with certain differences in a small re-
gion of space, we can distinguish their difference, e. g. the image of an c¢b-
ject or part of it included in this region.

This method was used for analyzing ordinary photographic images in Ref. 105.
Holograms of different types were taken from a positive image (Fresnel, Fourier
and focused-image holograms). After processing, they were placed in the origi-
nal position in the corresponding optical system, and were then exposed with

a reference wave and with a wave that had been diffracted by a transparency
installed at the input of the system. Appearing in the plane of observation
was an image of the part of the transparency recorded on the hologram.
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Just as the preceding methods, this technique requires exact placement of the
filter hologram in the proper position, and location of the intensity in the
linear region of the characteristic curve of the light-sensitive media.

One of the effective ways to deal with random interference is signal averaging.
In this case, the repeated addition of the regular useful signal intensifies

it, and at the same time the random sign-alternating random signal is attenuated
and suppressed.

It has been suggested that the averaging procedure be done by recording a defi-
nite number of uncorrelated realizations of the wave front and adding them

on the reconstruction phase [Ref. 34]. To do this, the hclograms are trans-
illuminated sequentially so that the k-th wave front corresponding to the real
image is the reconstructing wave for the (k+1)-th hologram. As a result of
such a process and isolation of the component with the summary phase, we form

a field distribution

n
1 e, (x)
u, =uje*=t

where ug is the field distribution in the plane of the hologram in the absence
of a distorting medium; ¢y (x) is the phase distortion distribution function.

Using a calculator, we extract the n-th root and get the value of the field
averaged with respect to n realizations

lLév(x)
n K

(u)=u0e h=t
The corresponding average value of intensity in the sought image under con-
dition of isotropism of the random medium is determined by the correlation func-
tion of the entrance pupil of the system K,(x), the correliation function of

field distribution without distortions Ky,(x) and the correlation function
1]
of distortions K¢(x):

(1)) CKay (1) K, (%) Ky (2). (.18
For pure phase distortions distributed by normal law,

’ —e? K x .
Kyoy=e™*"/"p u2 (6. 19)

n

where o? is the dispersion of phase distribution function o(x);
Kuny=4g(x) X ¢* (—X).

Expressions (6.18) and (6.19) imply that for sufficiently large n the influence
of aberration can be considerably reduced. It has been shown by numerical
calculation that distortions are practically totally suppressed by averaging
100 times [Ref. 37]. The averaging procedure can be modified if individual
realizations of the wave front are accumulated on the stage of formation of

the hologram. Technically, this is done by sequentially recording n exposures
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on photographic emulsion or on a photoelectronic medium. Upon reconstruction
of such a complex hologram, an image appears in the plane of observation with
intensity determined by the average over the set of realizations of the wave

front. For sufficiently large n, the fluctuations of intensity introduced

by the inhomogeneous medium become insignificant [Ref. 27].

The given method of interference suppression has a serious disadvantage. This
is due to the fact that it is necessary to record a certain number of statisti-

- cally independent realizations of wave fronts. Practical implementation of
such recording is complicated when observing moving objects through inhomogene-
ous media.

This flaw is eliminated by using a method proposed in Ref. 138. The hologram
recording arrangement is shown in Fig. 6.9. The object is illuminated by a
coherent light source (not shown on the

1 & diagram), and may be either two- or three-

! dimensional [Ref. 179]. Next to the object
.n)))))))))))))

is a small reflector that forms a reference
n))),)_ )))
? ))))

wave. If the reflector and object are
sufficiently close together, the aberrations
of the working and reference waves will

be approximately equal. Distortions are
compensated on the reconstruction stage

~ & as a result of interference of the rays
J in the plane of the photographic plate.
Fig. 6.9. Diagram of holography
through a distorting medium: 1-- Let us evaluate the resolution of the re-
object; 2--reference object; 3—- constructed image. Let ¢o be phase distor-
distorting medium; 4--photographic tions in the reference beam, and let ¢(x)
plate be the phase distortions of the wave re-

flected by some point of the object. In
reconstruction, the field distribution in the light beam that constructs the
real image takes the form

ugexpli (e — o), (6. 20)

where u and uy are the field distributions on the hologram produced by a point
of the object and by the point reference source. We can see from expression
(6.20) that compensation of phase distortions takes place with satisfaction

of the equality expi¢ zexp 14y, or according to the Rayleigh criterion, the
condition ¢ - ¢ < 7/2.

This circumstance imposes a restriction on the dimensions of observable objects
for a certain strength of perturbations.

Ref. 134 gives a detailed analysis of imaging of two-dimensional objects based
on this method. Let us limit ourselves to consideration of media such that
the logarithm of amplitude and phase fluctuations of the wave front incident
on the entrance pupil can be considered a locally steady process describable
by a Gauss statistic. Atmospheric fluctuations conform to such conditions
[Ref. 126].
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The long-exposure case is analyzed, where intensity on the hologram is averaged
over all values of the random function that characterizes fluctuations of the
atmosphere, and also the short-exposure case, where inhomcgeneity of the atmos-—
phere leads to shifting (blurring) of the diffraction pattern in the plane

of the hologram, and intensity averaging takes place over the field of the

set of reconstructed images.

It is found for a long exposure that the influence of the inhomogeneous medium
boils down to a reduction in brightness of the reconstructed image with in-
creasing distance between the object and the reference source. As long as

the brightness of the reconstructed image exceeds the noise threshold of the
detector, the sought object is observed with good resolution.

In the second case, there is a loss of resolution over the entire field of
the image. If the distance between object and reference source is small, the
reconstructed pattern contains the sought image with superimposed noise that
depends only on the amplitude of variations of the incident wave front.

Experimental results on determining the possibilities of the method are given
in Ref. 139. Lensless Fourier holograms were formed in the presence of atmos-
pheric interference. A Q-switched ruby laser was used as the emissicn source.
Beam divergence was 200 rad. An object was imaged that consisted of a set

of reflecting plates fastened on a board. A corner reflector was mounted on
the edge of the board to form the reference background. The scattered radiation
was collected by a newtonian telescope system with mirror diameter of 1.2 m

and focused on a photographic emulsion. The size of the holograms was =7.5 mm
and the distance between the object and the reception part was 12 km. Distance
between the axis of propagation of the beam and ground terrain ranged from

35 to 800 m. Quality of the reconstructed images depended considerably on

the nature of atmospheric perturbations. In particular, under conditions of
good visibility a hologram was obtained for mirror objects situated at a dis-
tance of 100 and 12 cm from the corner reflector. Resolution of the recon-
structed images was =0.5', which was approximately 1/5 of the diffraction limit
of the telescope. Imaging was also done on more complicated objects. The
reconstructed images were of poor quality. One of the most important factors
leading to image distortion was the presence of a large range of reference
wave intensity fluctuations. Because of this, some regions of the hologram
had long exposure, while in other regions the exposure was below the limits

of sensitivity of the photographic emulsion. Thus only a part of the working
aperture of the hologram participated in image formation. It is proposed that
an alternative solution to this problem would be to use electreonic detectors
such as orthicons or multilayered photographic emulsions.

Let us take up the advantages and disadvantages of the given holographic
methods.

The method of optical matched filtration enables differentiation of the sought
signal against a noise background. To do this, it is necessary to know the
parameters of the signal itself or of the interference. Depending on the prob-

lem, the coordinates of an object are sought or its image is reconstructed.
The method has been most extensively used for posterior processing of optical
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images. These may be compound transparencies with a set of patterns, images
taken from radar screens, photographs of objects in the presence of atmospheric
distortions or aberrations of forming systems. On the current stage of devel-
opment, the technique of making holographic filters is complicated, and the
operation of installing them is time-consuming. This situation impedes the
practical introduction of the method for high-speed signal processing. Fur-~
thermore, it cannot be used to detect unknown targets or to suppress unknown
interference.

The technique of subtracting optical signals has the same disadvantages. The
method of compensation when a reconstructed complex-conjugate wave front passes
through an inhomogeneous medium has been successfully used for suppressing
phase interference. Knowledge of interference parameters is not mandatory

for its realization. It has been put to extensive use in eliminating lens
aberrations and diffraction distortions.

A peculiarity of this method is that on the stage of hologram reconstruction

the wave front passes through an inhomogeneity that causes distortion of the
sought signal during recording. Thus the speed of the system must be at least
the same as the characteristic time of fluctuations of parameters of the inhomo-
geneity.

From this standpoint, a more promising method is averaging of optical signals
by fixing statistically independent realizations of wave fronts on different
detectors or with accumulation of holograms on the same light-sensitive medium.

When an object that sets up a reference perturbation is close to the sought
target, the process of suppressing distortions is relatively simple. It is
sufficient to fix one realization of the wave front and to use the technique

of optical Fourier transformation on the reconstruction stage. Imaging with
long and short exposures is possible during recording. This fact is of particu-
lar importance for observing moving objects.

These properties determine the tremendous outlook of this method for detecting
and recognizing objects through the atmosphere.

The most important advantage of optical systems over electronic analogs is
their capability for handling enormous amounts of information over a short

time interval -- at the limit, over the time of light propagation in the system.
Operating in terms of communication theory, we can state that optical systems
have a large value of the product of input signal area multiplied by the square
of the maximum linear frequency included in the signal.

For example, consider the linear operation of filtration (see Fig. 6.2). Let
the input signal have area S and limiting resolution R, and let the filter
have area S' and resolution R. For every element at the input, the optical
system performs S'R? operations of multiplication, and S'R? operations of sub-
traction. These operations are done SR? times simultaneously. On the whole,
SS'R" operations are needed to get the necessary signal at the output. If

we assume that S=10* mm?, S'=4 mm? and R=100 lines/mm (values that are
easily attainable at present), then the number of operations is 4-10}2. Let
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us assume that it is necessary to process a signal in this way in 1/30 s (the
usual scanning time in television systems) by an electronic system. Its pass-
band must be at least 12-10'2Hz, and this is for the case of processing only

a single signal. 1In optical systems, several filters can be placed simultane-
ously in the filtration plane, i. e. a large number of two-dimensional signals
can be processed at the same time. Thus with a data input-output time of 1/30 s
in optical systems, we get an operator speed much greater than in electronics.

At the same time, optical data processing systems have a number of peculiarities
that prevent extensive application in place of electronic systems. To handle
radio signals, an electrical signal must be preconverted to optical form, and

so far we have not developed any adequately convenient and rapid methods for
doing such operations. Light-sensitive media that are used for recording op-
tical signals require considerable time for processing or have low resolution.

Nonetheless, even considering these specifics, the field of application of
optical data processing methods is quite extensive. Optical systems are used
for high-resolution spectral analysis, correlation analysis of functions and
fields in space and time, distinguishing signals on a background of noise and
interference, the operation of matched filtration and for handling other jobs
in radio astronomy, engineering, medicine, geophysics and acoustics.

6.2. Using Holography Without a Reference Beam

Methods of holography in which a coherent reference beam is used have found
wide application in various kinds of research [Ref. 33, 26, 71, 65, 127].

However, the conditions that ensure the necessary requirements impose limita-
tions on the class of solvable problems. Among these is rigidity of the geom-
etry of recording holograms, coherence of sources of radiation and high resolu-
tion of light-sensitive materials. These difficulties can be eliminated by
using the technique of holography without a reference beam [Ref. 2, 4].

Image reconstruction is realized if a wave scattered by part of the object
is used as a reference wave [Ref. 80, 82, 175].

Having a known part of the signal in form
Uy (x) = A, (x) expigy ()],
we define the amplitude transmission of the hologram t(x) as

£() ~ |4 () €09 1 Ay () €/ = fury (KP4 g ()P -
- ul (%) sty (x) + 1y (x) (%),

where u;(x) = Al(x)ei¢(x) is the unknown wave perturbation.

The deficient information on the object is contained in tte last two terms

of the given expression. To reconstruct it, the spectral component correspond-
ing to one of these te~ms is isolated and divided by the signal ug (x) [ug*(x) 1.

This is done by forming an additional hologram and transparency with amplitude

transmissions t;(x) and t,(x) respectively:
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Q) =e™ - g (=1 Htg (NP g () €7/ -t (x) €
" ST
: ."(x)— up (1) up (8) - |wo ()P

’

The coefficient vy = 2mwa/)\ determines the phase distribution of the field

in the plane of the hologram, which sets up a reference wave with wavelength

A that propagates at angle a to the optical axis. Transparency t: (x) is made
by recording signal uo(x) on a photographic plate and processing to coeffi-
cient of contrast y=2. After adding the three transparencies t(x), ti1(x)

and t,(x), they are illuminated with a plane monochromatic wave. In the direc-
tion of light beam propagation ~a, we get the field distribution in the form

e~ iver fui (o) tg (x) o (X) 0

u(x) =€ fug () o ) () 47, TR0 ()

The last two terms of this expression give the sought image and its conjugate.
The spurious effect of their superposition is eliminated by special selection
of the geometry of recording hologram t(x). To do this, the part of the object
that scatters wave ug(x) 1is situated to the side or at a different depth from
the object of observation u;(x). Then the reconstructed images are localized
in different regions of space [Ref. 67].

The procedure of recomstructing a hologram without a reference beam is simpli-
fied if it is illuminated by a wave that coincides in localization and phase
with a wave scattered by part of the object [Ref. 50]. Let there be a hologram
on which an object is fixed that consists of a discrete set of N points. Its
transmission at some fixed point is written as

N N .
_A_l_ e~ g R _f_e_ eﬂ', ,
g fp

where Ag, Ap are the complex amplitudes of the sources that are points of the
object; ro, Trp are distances from points of the object to a point on the holo-
gram; k=2n/x; g8, p=1, 25..., N are the subscripts of points of the object.
On the reconstruction stage, the hologram is illuminated by a spherical wave
of form A em" emitted by a point source. If it coincides in localization

7]
with one of the points of the object, the following set of images is reproduced:

an image corresponding to the initial object (p=n):

N
1 1442 Ag i ‘ ' .
2 f: rg ¢ " (6' 20)

its conjugate image (g=n)

“'-—

N

IAF e"'n'.z Ap v,

r . ’
[] Tp
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and N- 1 more pairs of images (g, p#N)

‘N
1 AgA, e;,.(:,!-- ,)2 i,_e—m, +
2 | rarp " Tr

N .
Aidg 1v¢ o ¥ g) ir_el“'p .
alg : Tp

With an increase in the number of point sources coinciding with points of the
object, there is an increase in the number of reconstructed images. In this
connection, images (6.20) that correspond to the object are superimposed with
respect to localization and phase, whereas such superposition does not occur
for the other images. Thus when a hologram is reconstructed by a wave from
some part of the object, the useful image stands out in intensity, and all
other images form a comparatively faint background. Unfortunately, it should
be noted that reconstruction of the missing part of the object necessitates
availability of considerable a priori information about it. For example in
experiments done by the authors on reconstructing an object consisting of four
points, it was necessary to illuminate the hologram with a wave formed by three
points of the object.

Reconstruction of unknown information about the object is realized by using
Fourier holograms [Ref. 161]. To do this, the wave scattered by the object

is focused in the plane of the light-sensitive medium. If ta(x) is the trans-
mission function of the unknown part of the object, and tp(x) is the trans-
mission function of the known part, then the recorded intensity distribution
is written as

1 (0)=1® {ta (x)+ @ (£ (NP =T () + T ()
where ¢{ } denotes the operation of Fourier transformation.

When such a hologram is reconstructed by a wave of form T},(v), we get the field
distribution

U (0)=T,()ITa(v) 4T, ()} [Ta(2) + T3 (v)].
Let us note that Tp(v) is the spatial spectrum of perturbation tp(x). Thus
for reconstruction we can use a wave diffracted from the corresponding part

of the object. By optical realization of inverse Fourier transformation, we
get the following field distribution in the plane of observation:

u (%)=t (X)+ 5 (2)] % #, (x) % [t (—x)+£( =),
where % denotes convolution.

When the condition
ty(x) % [ta(—x)+85(—x)] =3(x) (6.21)

is met, we get the reconstructed image ty(x)+ tp(x). The condition (6.21)
is realized if the field of perturbation from the object has random phase
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distribution in space. The other case of image reconstruction is realized
if distribution ty(x) has sufficiently large amplitude, i. e. an object is
holographed with an exceptionally bright point [Ref. 4, 5, 6].

One variety of holography without a reference beam is holography with a local
reference wave [Ref. 112], which has found wide application in interference
studies. Part of the radiation scattered by the object is used on the stage
of forming the hologram. This radiation is passed through a spatial filter
to form a reference wave with-a simple wave front -- spherical or planar [Ref.
110, 111]. The procedure of reconstructing the image from such a hologram

is no different from that of reconstructing conventional holograms with side
(oblique) reference beam.

It is well known that holography of a focused image is insensitive to the shape
of the reconstruction wave front [Ref. 173]. Therefore, by using parc of the
radiation not diffracted by the object, we can get an image with rather good
resolution [Ref. 49, 104].

Extensive possibilities are opened up by using three-dimensional light-sensitive
media for making holograms without a reference beam. Three-dimensional holo-
grams can be treated as a set of two-dimensional holograms. In reconstruction,
each of them will form the above-mentioned images, with the useful images being
added in phase and intensified. In this case, we can get by with fewer ''read-
ing points.”" And in fact reconstruction of a two-dimensional object from a
three-dimensional hologram is realized by using a single point source [Ref.

5, 7].

1f during recording the entire holographic scene is focused in a given volume
of the light-sensitive medium, then in reconstructing one of the rays emanating
from the object, we reconstruct the entire system of rays that produce its
image. A three-dimensional focused image of the object can be observed behind
the hologram in the region that is free of the direct beam [Ref. 7, 45].

An interesting possibility opens up for studying various processes associated
with change in phase of the light wave when diffractograms are formed by dif-
fracting elements and reconstructed as holograms without a reference beam

[Ref. 2].
2
Consider the optical arrangement diagrammed ) - s
on Fig. 6.10. A ray from coherent light ! 1
source 1 (Fig. 6.10a) is shaped by lenses %
2 into a parallel beam that passes through

the investigated object 3 and diffaction

grating 4 and is incident on plate 5. The
intensity pattern formed by diffraction !
of the plane wave by the grating, and the
pattern distorted by the object are sequen-
tially fixed on the photographic emulsion.
On the reconstruction stage (see Fig. 6.10b)

the diffractogram 5 is illuminated by a Fig. 6.10. Diagram of record-

parallel monochromatic light beam passing ing with diffraction grating:

through lens 6. Several diffraction orders a--recording; b-—-reconstruction
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with intensity that decreases with increasing distance from the optical axis
are focused in the focal plame of lens 6. The reconstructed image is observed
in one of the orders by supplemental lens 8. S1it disphragm 7 isolates the
corresponding diffraction order and suppresses the spurious background.

The operation of the arrangement is described as follows. if 1[13==:E:$(kq-u4§)
n , 4

is intensity distribution in the plane of the photographic plate as determined
by a grating with period xo, and f(x) is a function that characterizes the
intensity redistribution introduced by the object, then for case f(x) <x the
distribution of blackening on the photographic emulsion takes the form I(x)+
£(x) = I(x)+ I'(x)E(x).

The transmission of the photographic plate is written as
lo—1(5)— I ()  (£)=C =1 () =T (¥} S (%).

when such a hologram is reconstructed in the focal plane of lens 6, the ampli-
tude distribution that depends on X will be

% 7 (Reterdn="Ys(—nv) ¥ F (v)= 3, F(v—nv)
- n : n
where F(v) 1is the Fourier transform of function fr(x).

We can see from the resultant expression that in reconstruction of holograms
by Fourier transformation, there 1s a Fourier spectrum of the first derivative
of function f(x) in each interference order.

Let us note that information with predetermined field intensity in the plane
of the diffraction element can be transmitted by such a method. Let us aseume
that the transmission function of the grating takes the form

(= 3 b= na.

Bem—mon

1f a plane monochromatic wave is normally incident on the grating, then at

a distance z= 2x3n/A, n=1, 2, 3,... away from the grating, the field is equal
except for a constant coefficient to the field distributicn immediately behind
the grating:

4, (z; x)= 2 'l:(x -‘--nx,).

Using the relation

X

® LZ. a(.'c-‘u;.)’=2—':- 2 3(v— uﬂf)='v. ,_}-_‘-!.a (v--nv,)s

we write the recorded intensity distribution as

I? (= x)=0;{ﬂg [ z. ‘a‘('u”—n nvy) ¥ .28('0 - n-u.,)]‘ )

Reva o0 . Redn
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where % denotes the operation uf autocorrelation.

In filtration plane 7 we have

-z l(p—r;u.)-)(- 2 3v — nv.)]=03 z- b (v—ny).

Ao R L Lt

\ U;(u)zqz[

Isolating the first diffraction order vo§(v-vg), we get the following field
distribution in observation plane 9:

o U(@)=Ce™.  (6.2)

When the object is ingerted immediately in front of the grating, the field
distribution behind it takes the form

()= (x) 3 dx—nx)

The corresponding intensity distribution fixed on the :diffractogram is

1y(2: x)=6[v§- ' z-"’;(”_- nv,) * i F-"»(q._'nv.)]}..

where ‘ " F(o)=0(f(x)

If the spatial spectrum of the investigated object fits into the gap between
diffraction orders of the grating spectrum, then a signal can be isolated
in the filtration plane characterized by autocorrelation function F¥ F*.

Then for the filtered first order, we get
Uy (2)=[F (v—ve) % F*(v—wl=
=13 {|F (v) ¥ F*(0)} % 3(v—1,)).

This implies that the field in plane (9) takes the form

@ lud (o)) =17 (2P e™.

Fig. 6.11a [photo not reproduced] shows a diffractogram and reconstructed

image (Fig. 6.11b [photo not reproduced]) of a candle flame taken by the method
described above. The reconstructed picture is a shadowgram of an inhomogeneity.
An OKR-11 laser source was used in the experiment. The object was placed
immediately in front of the grating, and the diffractogram was recorded in

the plane where a clear image of the line structure of the grating was observed.
The diffraction grating was made by winding metal wire on a frame with pitch

of 0.5 mm and diameter of 0.4 mm.

One of the possible elements that introduces the phase modulation necessary
for forming diffractograms is space itself.

As an example, consider an arrangement for recording the diffractogram of
a phase object (Fig. 6.12). A parallel monochromatic light beam illuminates
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the object placed in plane xp. The diffraction
% . pattern is fixed on the photographic plate in
plane x;.

Let us write the transmission function of an
object that has phase characteristic ¢(xq),

- -1 t(x°)=e.—’9(-h).
Fig. 6.12. Diagram of re- Let us denote the field immediately behind the
cording phase objects: 1-- object by ug(xg). The field distribution in
object; 2--photographic plane x; is defined as

plate
iy () =ty (%)) % Fg(xy).

The spatial spectrum of the field u; (x) is

® (1, (x)))=C, [® {my(x,)) exp (i73]45)]. T(6.23)

Here b= k/2z, C4 are constant coefficients, i=1, 2,..., n. Since for real
objects there is an interval of spatial frequencies (-vg, vg) in which most
of the energy of signal u;(x;) is concentrated, we can select the condition
of observation

"3 ' .vztl

=<t (6.24)

Performing the operation of inverse Fourier transformation in expression
(6.23) and taking (6.24) into consideration, we have

4 duy(x)
4 axj

uy (%)) ~ ty(x,)—
Substituting the value of the field ay(xy), we get

— i ' |
u, (x,)=Cye rix) {lf’ﬁ'l? (XI)I’—:‘T? (x,)} .
The corresponding intensity distribution is written as
* 1 W, 1 ”
1 (x)=uy (%) wy (x,]=C§ {‘ TR (x)+ ﬁb‘,[‘i’ (xl‘)l'_'
LI ~, LI
- ﬁb—ih’ (x.)]‘]—Cgl T ?'(xn)J .

Thus when condition (6.24) 1is met, the recorded diffraction pattern contains
information on the second derivative of the phase distribution function on
the object.

Decoding (reconstruction) of such a diffractogram is done in the optical sys-
tem presented on Fig. 6.13. A parallel monochromatic light beam shaped by
collimator 2 illuminates diffractogram 3 located in the rear focal plane of
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Fig. 6.13. Diagram of phase 2' 3 M @ T 4
object visualization: 1-- 1 i
laser; 2--collimator; Ji,
Jl,--focusing lenses; ¢o--filter;
4--visualization plane Pf tlels

lens JI;. Lenses ]I and JI; are for filtration of spatial frequencies. Filter
® is located in the plane of conjugation and foci. The field distribution
in the filter plane takes the form

® (1 —¢" (x)=C [3(2) + V@ (g ()]

If a transparency is placed here that suppresses the zero order of radiation
component §&(v) and has a transmission function inversely proportional te the
square of the distance from the optical axis in the remaining region [ty = 1/v?1,
then as a result of the operation of secondary Fourier transformation realized
by lens Jiz, a field is reconstructed in the plane of observation that is de-
termined by real function ¢(x). By observing the condition of linear recording
of intensity ¢(x) on the photographic emulsion and then bleaching it, we get

a transparency with transmission

4 (x)=ePM5),

Coefficient B describes the relation between phase shift and intensity of the
wave incident on the photographic emulsion. When the transparency is i1lumi-
nated by a plane monochromatic wave, a field is reconstructed that reproduces
the wave front scattered by the investigated object.

In order to solve some problems, it is sufficient to have information on the
object in the form of an autocorrelation function of scattering (transmission)
of the investigated object. In this case, holography without a reference

beam is a simple means of isolating optical signals against a noise background.

Fig. 6.14. Diagram of holography 3 o
through an inhomogeneous medium: '
1--object; 2--inhomogeneous me= —_—
dium; 3--focusing lens; 4—-pho-

tographic plate —_—

Fig. 6.14 shows one of the arrangements of recording holograms that is used
for observing objects through an inhomogeneous medium. Object 1 is illuminated
by monochromatic coherent radiation. The wave front distorted by inhomogeneity
2 is focused by lens 3. The hologram 1is recorded on photographic plate 4

in the focal plane of the lens. Subsequent reconstruction is accomplished

by the method of optical Fourier transformation.

The hologram in this case is in fact a difractogram that contains information
on the observed object.

The process of recording and reconstructing such holograms (diffractograms)
is described as follows. Let u;(x, y) be the distribution of the field on
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the object; uz2(x, y) —- the field distribution on the entrance pupil of the
lens. Field u,(x, y) is related to field U(u, v) in the focal plane of the
lens by Fourier transformation

U(u' 'U)=Cl¢ (uz(x' y)))

where ¢{ } denotes Fourier transformation with respect to spatial frequencies
u=kx/f; v=ky/f; £ is focal length; C is a constant coefficient.

Intensity I(u, v)=C2U(u, v)U*(u, v) is recorded on a photographic plate in
the rear focal plane.

In reconstruction, inverse Fourier transformation is realized with respect
to the same spatial frequencies as in recording. We have the following field
distribution in the observation plane:

u(x, )=/ (4, v))=t(x, y) ¥ a2(—x, —yp).

1f there is no inhomogeneous medium on the stage of hologram formation, the
response function of free space Ho{x, y) is determined by the relation

H,(x, y)=Cexp [t (e y')] : (6.25)

where z is the distance from the object to the entrance pupil of the lens. We
have uz(x, y) =ui1(x, y) ¥hg(x, y). From this and expression (6.25) we get

u(x, g)=w(x, y) ¥ ui(—x —5) -
since hy (X, y)*h;(—x. —y)=38(x, ).

Thus the field distribution in the plane of observation is determined by the
autocorrelation function of the field distribution on the object.

In the presence of a distorting medium, field u: (x, y) is written as integral

ity (xn‘yl)=‘ﬂ uy(xy, Y1) By (X2 Yoo X1 y)dx dy,.

For an isotropic medium, the response function hi1(x2, y2, X1, y1) depends
only on coordinate difference x; - X1; y2-y1. In this case, field uz (x2, y2)
is written as

w(x, yh=uy(x, y) ¥ wi(—x, —y) % by (x: g) % b* (— % —Y).

and the reconstructed pattern takes the form

Uy (X5 Y3)=Ho(X2s AR X !h)-.

If the spatial spectra of object and inhomogeneity differ from one another,
then the distortions introduced will be insignificant. In the special case
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of white noise hj(x, y)¥h;(-x. -y) > 6(x, y), the autocorrelation function
of the field distribution function on the object is observed just as in the
absence of interference.

In the experiment, the object was a transparency of the letter "H" with spec-
trum in the region of low spatial frequencies. The object was illuminated

by a plane wave. The light source was a helium-neon laser operating in the
multimode state. For effective resolution of low spatial frequencies, the
focus of the lens was taken as ~l1.5 m, and the hologram was recorded on MIKRAT-
300 photographic emulsion. A frosted plate was used as the inhomogeneous
medium. The frosted screen was rotated during exposure to simulate fluctua-
tions of the elements of inhomogeneity. The same optical system was used

on the reconstruction stage as in recording. In this case the frosted screen
was removed.

Fig. 6.15, 6.16 show photographs [not reproduced] of holograms and reconstructed
images for objects taken through stationary and rotating frosted screens.

For comparison, Fig. 6.17 [photo not reproduced] shows a hologram and recon-
structed image of the same object produced in the absence of an inhomogeneous
medium. We can see from the given photographs that distortions introduced

by the medium completely change the nature of the spatial spectrum recorded

on the hologram. However, the general form of the reconstructed outline deter-
mined by the autocorrelation function of field distribution on the object

is the same.

When the above described method is used for recognizing objects against a

noise background, the problem arises of uniqueness of the signal representation
at the output of the optical system in the form of an autocorrelation function
[Ref. 2, 172].

It is known that a single autocorrelation function may correspond to a broad
set of signals with the same duration constraint [Ref. 39, 141]. However,

only one signal out of this whole set is formed by a system with limited trans-
mission spectrum. Any optical system is just such a system. Therefore the
autocorrelation pattern will correspond to a unique object that can be recorded
by the given optical device.

Regarding the method of holography, it should be noted that it is one of the
possible versions of solution of a more general phase problem, i. e. the prob-
lem of finding the signal phase from its amplitude [Ref. 39, 2].

The necessity for mandatory introduction of a reference beam has usually been
justified by the fact that in registering a signal

u(x)= A(x)e'"*
on a square-law detector, we get a distribution equal to
1 (x)u* (x)=A*x),

in which there is no function that characterizes phase. However, even in
the first research on holography it was noted that the scattered wave is formed
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in accordance with the Huygens-Fresnel principle, i. e. the amplitude at each
observation point is determined by the sum of amplitudes taken with their
phase from each point of the object. Therefore the problem has been reduced
to methods of recording both information components in explicit form. The
same goal is pursued by the so-called methods of holography without reference
beam.

The general formulation of the problem is correct if signal u(x) is defined

as a signal of arbitrary nature. However, we are dealing with electromagnetic
radiation, and are treating the object as some boundary condition that influ-
ences the nature of distribution of the scattered field. In the far zone

that realizes Fourier transformation of a spatially limited function, we have
a distribution that is described by analytical functions. Thanks to this
circumstance, an additional equation arises that relates the amplitude and
phase of the sought distribution and is defined by the theory of functions

of a complex variable. And this means that a single-beam hologram (diffracto-
gram) carries complete information on the amplitude and phase of the light
wave scattered from the object.

6.3. Reconstruction of Object Image From Modulus of Autocorrelation Function

The problem of finding the image of an object from the modulus of the auto-
correlation function consists in the following. Knowing the modulus of the
autocorrelation function, it is necessary to find its phase, and then by
using the resultant amplitude-phase information to determine the function
corresponding to this autocorrelation function.

This problem arose for the first time in connection with finding the intensity
distribution of an incoherent light source.

It is known that the image of a remote incoherent light source can be recon-
structed if the second-order optical correlation function is known [Ref. 159,
160]. The correlation function is usually determined from interferometric
measurements, for example by using a Michelson stellar interferometer. The
phase of the correlation function is related to the position of the inter-
ference bands, and its modulus is related to the luminosity function.

Since technical difficulties preclude sufficient accuracy in determining the
displacement and position of the bands, experimenters frequently run up against
the problem of reconstructing the unknown function from its modulus.

An analogous problem arises in x-ray crystallography, where the phase of the
wave signal is usually unknown, in the theory of particle scattering when
determining the scattering cross section, and in other problems [Ref. 89, 136].

Some scientists have discussed the loss of phase information from the stand-
point of the limitations stemming from the analytical properties of the corre-
lation function [Ref. 39, 122, 123, 141, 165, 195]. Superposition of the
reference light beam with the field carrying information on the source of
radiation has been suggested {Ref. 157]. This method is analogous in nature
to the holographic method of recording amplitude-phase information [Ref. 137].
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Arother method of finding the phase was suggested in Ref. 156. In this case,
exponential filters are used for analytical continuation of the correlation
function into the complex region. If the modulus of the complex correlation
function is known outisde the real axis, then its phase is determined from
the modulus by integrating Cauchy-Riemann differential equations.

The last two methods of finding phase information have been experimentally
studied [Ref. 149]. The correlation function I'(x) in the far zone of dif-
fraction, which is related to intensity distribution of the light source by

the formula

r(x)=C j S (u)exp(—ikyxu/R) du, (6. 26)
was measured by a prism interferometer (Fig. 6.18). Here R is the distance
from the source to the plane of registration, x is the displacement of the
interfering rays, C is a constant coefficient, ko =2n/Ags Ao is mean wavelength.

f
’4 rosted screen

motor > i:;m splitter
gh 7
[} % X 2
7/ a
A\ E
source g [ 3
‘ .
slit
1/
\
demodulator L
chart

recorderffijter photo- |
b
[ HKH mltiplier

amplifier

Fig. 6.18. Diagram of facility for making correlation mea-
surements

The interference pattern is described by the relation
|T'(x)] cos [vx+arg I'(x)] 4 const,
where v is the average spatial frequency.

A scanning photoelectric detector was used in recording the interference pat-
tern. The x-coordinate is proportional to scanning time t, i. e. the signal

at the detector output is

I (Be)] cos [vp¢-+arg T ()] + const.
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The signal from the detector output went to an amplifier and filter that did
not pass the constant component. A chart recorder was used for registration
of the interference pattern. The recorded pattern contained information on
the modulus and phase of T'(x). A helium-neon laser and rotating frosted glass
were used to simulate an incoherent source.

The first method of finding phase information is analogous to the use of a
reference beam in holography.

Using the formula of inverse Fourier transformation, we write
Afu)= S S(u')S (' 4 u) du’ = (ke/21C*R) j [T(x) exp (ixuky/R) dx.

(6.27)

Let us assume that the unknown source S(u) has limited dimensions a<u<b,
and G(u) is a reference source situated at distance b-a from source S(u).
Then we have

0 (4)=S (a)+Cd(u—m)

where C, is a constant corresponding to the intensity of the reference source.
Now expression (6.27) takes the form

(ko/27CR) 'f IPCo)P exp(ixukyR) dx+CPW)-+

+] SOIS@ Ha)aw +CS@tu)+CSm—1).  (6.2)

The third and fourth terms of this expression correspond to the real and imagi-
nary (mirror) images of the source. The uniqueness of the reconstruction

is determined from the a priori information on the position of the reference
source relative to the object.

In principle, there is no need for the reference source to be situated at
distance b-a from the object, but in this case, two measurements are required:
one with the reference source and one without it. The interferometric device
shown on Fig. 6.18 was used to form the interference bands. The measurement
source was modified as shown in Fig. 6.19.

Fig. 6.20 shows the reconstructed image obtained by Fourier transformation

of function lI‘(x)|2 in accordance with expression (6.28). The object was

a 95 im slit.

Reconstructed images of more complicated objects are shown on Fig. 6.21.

Let us consider the method of determining phase by exponential filters. Fol-
lowing Ref. 156, we get the analytical continuation of the correlation function
by replacing the real variable with the complex variable z=x+ iy, where x

and y are real quantities. We have

I‘(x+iy)=C.j. S () exp (kouy/R) exp(—ikguxiR)u.  (6.24)
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/moving screen

_transparency
/ 3¢
P er
las;;“\
beam

1

reconstructed image of slit

Fig. 6.20. Reconstructed image of 95 im

: 'slit. The central peak corresponds to
laser ’ the first two terms of equation (6.28).
beam The image is situated symmetrically rela-
tive to the central peak

Fig. 6.19. Diagram of formation
of source image

sawtooth
slit aperture disk

JU L

Fig. 6.21. Reconstructed images: a--95 um slit; b--sawtooth

radiation source 95 im wide; c--two disks with diametere of

58 and 116 ium; d--test pattern of three lines of 19 im size
spaced 38 um apart

If T(x+1y) is treated as a function of the real variable x, then (6.29) has
the same form as formula (6.26) when S(u) is replaced by S(u) exp (kouy/R).
The new source can be constructed by placing the filter close to source S(u),
the filter transmission varying according to an exponential law relative to y
In cases where it is physically possible to locate such a filter directly
behind source S(u), measurements of I'(x+ 1y) with and without the filter will
give information on analytical continuation of the correlation function into
the complex plane. Such measurements enable us to determine the derivative
a|r(x+ 1y)|/dy.

It is known that correlation function I'(z) is regular in the lower half-plane
of complex plane z. Therefore the modulus and argument of I(z) are related
by Cauchy-Riemman relations:

_alr(:uy)l =|p(x+,y‘)|£v_(_%*;‘l)_; (6. 3m
. X .
oIr(x + iyl =—|[‘(x+'iy)|M—£!-')—.
: dy dx
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where T'(x+41y)=IT(x4iy)lexp[ip(x-}1iy)]. Integrating expression (6.30), we have

x
! ol (x’ +igl o0
?(xtiy)—fy)=— dx',
(s’ :
§| =’ + iyl dy
where f(y) is some function of y. From this we get
. '
?(.x)=_a‘:_’- 5 WP (¢ Highdx’, . (6.31)

Thus in principle we have a procedure for determining the phase of the corre-
lation function from measurement of its modulus. If we need to know T'(x+ iy)
only in the neighborhood of y=0, the exponential function can be approximated
by a straight line, i. e. the exponential filter can be replaced by a linear

filter.
2 b ‘ c

Fig. 6.22, Shapes of sources
used for method of reconstruc-
tion with exponential filters:
a--initial source; b-~source
modified by exponential func-
tion with damping duration of
1232 um; c--source modified by
exponential function with damp-
ing duration of 616 um

Fig. 6.23. Machine recording of interfero-

grams: a--typical interferogram fixed on

chart recorder; b—-graph of Tr(x)l produced

by using the given interferogram. The source
was the transparency of Fig. 6.22a

Areol
The experiment used the interferometer shown fé%gggid
on Fig. 6.18. The function of source S{u)

was simulated by a slit mask with height cor-
responding to the selected function. The
exponential modification was realized by . phase LR
changing the shape of the mask {see Fig. Ekf~/r/

6.22). Fig. 6.23 shows interferograms re-

corded on a strip chart, and a graph of the

a

P [—

modulus of the autocorrelation function calcu- Fig. 6.24. Correlation
lated by computer. Fig. 6.24 shows the same function obtained by fil-
autocorrelation function obtained after fil- tration: a--modulus of T'(x);
tration, and the phase calculated by equation b--phase of T(x)

(6.3). The source was reconstructed by calcu-
lating the Fourier transform of function T'(z) and the phase obtained from
equation (6.31).
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a b

sawtooth source [sic]

24 a8
step source

Fig. 6.25. Reconstructed images of sources: a--398 um
slit reconstructed from measurement of function T'(x); b--
reconstructed from function |T'(x)| with (broken line) and
without (solid line) exponential filter; c--sawtooth source
398 um wide reconstructed from measurement of function r(x);
d--reconstructed from measurement of II‘(x)I with (broken
line) and without (solid line) exponential filter; e--source
in the form of a double step 616 um wide reconstructed from
measurement of function T'(x); f~--reconstructed from measure-
ment of function |I‘(x)| with (broken line) and without (solid
line) exponential filter

The reconstructed images for three shapes of sources are shown on Fig. 6.25.

The resultant experimental data effectively demonstrate the feasibility of
determining the shape of a source and the phase of the correlation function
from its modulus. '

1t should be noted that the given methods of finding the phase of an optical
signal from its modulus are not the only solutions of the phase problem. As
has already been pointed out (see chapter 1), all optical signals belong to
the class of signals with finite spectrum. Therefore (see section 1.4), the
phase can be represented as

1 ( teglA@a 21—z
?(z)=—;PS -f'—:dz—{-z‘arg '_:.‘ ’

where A(z) is the amplitude of the optical signal analytically continued into
the complex plane, and zj 1is the value of zeros in the complex plane. By
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imposing an additional condition on the optical signals, namely the Fermat
principle 8¢(z) =0, we get
1L p ¢ logldeel -
2)=—P\ ————dz. 6.3
se)=P | AL dz - 6.5)

Thus, optical signals that are formed by passive optical systems (systems
without sources) contain zeros only on the real axis. Therefore the phase
of the optical signal is uniquely determined by its modulus.

The diffraction pattern obtained in coherent light contains complete amplitude-
phase information on the optical signal, and in this sense we can speak of
holography without a reference beam (one-beam holography).

Let us note that phase reconstruction from such a hologram is possible not only
analytically in accordance with expression (6.32), but also in a coherent
optical system that realizes Hilbert transformation. The method proposed in
Ref. 140 can be used to get a transparency with transmission that varies ac-
cording to a logarithmic law.

In conclusion, the methods of solving the phase problem are summarized xn
Table 6.1.

6.4. Phase Problem in Radio Astronomy

The phase problem as initially formulated in optics has analogous treatment

in other regions of the spectrum, and particularly in the x-ray and radio
bands. The problem is closely related to use of the luminosity function first
introduced by Michelson in optical interferometry, and subsequently generalized
by Wolf, who saw it as a "complex function of mutual coherence." Let us look
more closely at the formulation of the problem and some possible ways of solv-
ing it as applied to radio astronomical research.

It is known that one of the major problems of radio astronomy is determination
of the distribution of radio brightness over a source of space radiation.

The distribution of radio brightness B 1s related via inverse Fourier trans-
formation to the complex luminosity function U of the lobe structure of the
radio interferometer as measured on different bases, which in the one-dimen-
sional case is represented as

Bo=] Ve, - &3

where uy = 2mDx/) is spatial frequency; Dy is the base of the interferometer
with respect to coordinate x; A is working frequency. The complex luminosity
function can be represented as

U (u,)=|U (u,) €%, - (6.39)

In principle, experiment can give us the modulus and phase of luminosity:
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P _ .
U u )= max mll:
Wad=p=""5""¢

? (u,)=2nAl/l..
where P

max’ Pmin are the maximum and minimum values of the main lobe of the
interferometer relative to the zero value; At is the time of delay of the
maximum of the envelope relative to the calculated interference maximum; to
is the time interval between adjacent maxima, i. e. the period of the inter-
ferogram [Ref. 68].

While it is easy to measure the modulus (see for example Ref. 24), there are

a number of difficulties in determining the phase. Nonetheless, knowledge

of the phase of the luminosity function is considered necessary for determining
the distribution of radio brightness.

Thus the formulated problem reduces to determination of the phase of the com-~
plex luminosity function followed by substitution in (6.33) and (6.34).

The key to solving the phase problem is use of the analytical properties of
the investigated functions, enabling reciprocally single-valued determination
of their real and imaginary parts on the basis of Hilbert transforms.
In application to our problem, we note that functions U(uy)

U (u)=hU@u,)—lo(u,) (6.35)
are analytical in the lower half-plane J_ of the complex plane. Expression

(6.35) gives the possibility of determining phase ¢(uy) , which in general
form is written a3 [Ref. 181]

? ("x)=7m (ux) +?h (eee), (6. 36)
where  galt)=——P | "".‘ ”_(Z‘)du;; (6.37)
‘ v.(a,)=};argﬁ£§{:—‘. (6.33)

The first term ¢p(uyx) is the value of the minimum phase that in the absence
of zeros in J_ uniquely relates the phase and modulus U(uy) through Hilbert
transformation.

The second term ¢b(ux) is the Blaschke factor that evaluates the contribution
of zeros of uy,y in J_. Summation extends to all zeros of the function U(uy)
in J_.

Thus phase ¢(uy) is determined from knowledge of the modulus of function

U(ux) and the position of its zeros in J.. We should take note of the impor-
tance of this statement, as until recently it had been assumed according to
Rayleigh that the amplitude (modulus) and position of interference lobes
(phase) are mutually independent quantities, and that both measurements (space
and time) have to be made separately to reconstruct the spectra [Ref. 24].
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The problem of the influence that the Blaschke factor has on reconstruction
was considered by Wolf [Ref. 195], who concluded that in the case of consider-
ation of the function of time coherence U(t) the differences in the curves

of the reconstructed spectra in the "miniphase" solution {(with consideration
of ¢p alone) and in the complete solution (¢p- ¢p) do not exceed a few percent
with respect to major parameters.

Examples can be given of spectra that do not have zeros in J. [Ref. 122].

Furthermore, for the two extreme cases that are of interest for radio astronomy,
namely ideal blackbody radiation and monochromatic emission, the phase problem
has been considered and a solution has been found in the research.

Thus we can make a general recommendation that the simple and elegant mini-
phase solution in form (6.35) be used to get information on the phase in the
first approximation, and that the question of sufficiency of the resultant
solution that is associated with the presence and influence of zeros be de-
termined separately in each individual case.

In accordance with this, we arrive at the following “gkeleton" of a solution
for the problem of reconstructing radio brightness from experimental recordings
of W:
H ®
W (O)=1U ()| = () — U (4,) 2= B, (6.39)

where the symbols H and ¢ denote the Hilbert and Fourier transforms respectively.

As has been noted, determination of the modulus U from W presents no diffi-
culties, and therefore, writing out (6.33) we get

- BE={U) e mtntt i, (6.40)
where ' = .
¢ InU(a}) I an(u;) '
— { ’ £ ]
¥ !!.T S u_',—l,_-du‘+ s u, — g dit, (6.41)
—e .x [}

is the principal value of the Cauchy integral.

As we can see, analytical Fourier transform (6.40) differs from conventional

Fourier transform (6.33) in the change of limits of integration and the inclu-

sion of Hilbert transformation as an internal operation.

Denoting the analytical Fourier operator by symbol $, we can write (6.40) as
BRZU(u,). (6.42)

Let us note that expressions (6.40)-(6.42) are the fundamental solution of
the problem for a symmetric interferometer without consideration of issues
of practical realization relating to the influence of the inhomogeneous medium,
smoothing effects of antennas, inequality of interferometer arms, etc. The

78

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1

FOR OFFICIAL USE ONLY

solution has been obtained for asymmetric inhomogeneous distributions B(%).
for symmetric [distributions] relative to the center of gravity &o of the
source, expression (6.40) is simplified:

B(e)=SU(u,) cos u, kit 6.0

A solution of form (6.43) can be extended to time frequencies as well, thus
giving time spectra of the radiation sources.

In this case we have
H . .
a(»)== U(v) - (6.44)

where operator 3, being extended to time frequencies, has the above-mentioned
meaning, and T is time delay introduced into the arms of the interferometer.

Radio astronomical interferometry experimentally realizes both kinds of co-
herence: spatial (SC) and temporal (TC). The former is realized due to a
change in base of the interferometer, and the latter is due to rotation of
the earth. In this sense, we have an analog of the Michelson and Young op-
cical interferometers [Ref. 18]. Thus we find that the complex luminosity
function reflects the concepts of SC and TC and completely determines the
characteristics of radiation from cosmic sources arriving at the earth, which
in the final analysis gives information about the morphology of the sources,
and about the nature of processes occurring in them. This is reflected in
the following transcription of the solution found in the most general form:

3
EEo)FU WY, . ~(6.45)

where E(£, w) denotes the distribution of radiation emergy of the source with
respect to spatial coordinates & and temporal frequencies w.

Assuming in (6.45) T=const, i. e. singling out the spatial frequencies, we
get the spatial spectrum of the source ('static one-dimensional portrait"
of the source) that reveals its morphological features.

Setting w= const in (6.45), the interferometer is contracted to a point, which
is equivalent to recording on an isolated antenna, i. e. by isolating the
time frequencies we get the time spectrum of the source. This gives infor-
mation on the dynamics of processes that take place in the source and on the

- nature of its radiation, i. e. we get a 'dynamic portrait" of the source.

It should be noted that in the general case, spatial and temporal coherence
are not independent, conforming to the two-wave equations [Ref. 18]:

Vil (o = [ FE ), (6. 46)

where Vﬁ,z is the laplacian with respect to coordinates of the end points
of the base in predetermined direction x; c is the velocity of light in vacuum.
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In essence, solution (6.46) is the well-known Van Zittert-Zernike theorem
which in the most general form is represented by expression (6.45). Thus

even from (6.46) we get in case U(ux, T9) the spatial spectrum corresponding
to SC, and in case U(ug, 1) —— the temporal spectrum of the source correspond-
ing to TC, if up, Tp are constant parameters.

For spectrally pure processes, the so-called "reduction formula" is applicable
[Ref. 24]:

U (1, ¥)=U (10 T)U (8, T— 7).

where the first factor in the right-hand member denotes spatial coherence,
and the second denotes temporal coherence.

Let us note that the resultant solution of the phase problem is applicable
not only in interferometry where the informer is the function of coherence
as the correlation of emission at two points of the wave front, but also in
the case of signal registration at one point on an isolated antenna (here
the meaning of "point" is arbitrary).

In the latter case the signal can be considered as the resultant of elementary
interferometers with different bases fitting in the aperture of the antenna.

In principle, any point of the wave front contains information about all de-
tails of the emitting object.

A certain analog in classical holography is the well-known fact of reconstruc-
tion of the wave image of an object from a fragment of a hologram.

Aperture synthesis, which has come into extensive use in radio astronomy,

can be considered as a spatial radio hologram, and with appropriate recording
and processing, e. g. for the radiation of cosmic sources -- "space masers"
(spectral atomic and molecular lines of H, OH, NHj, H;0 and so on) -- we can
reconstruct a "portrait" of the emitting regions.

Correlation processing of signals recorded by elements of aperture synthesis
can be done both with respect to high frequency and with respect to the enve-
lope. In the latter case we get the analog of the so-called "intensity inter-
ferometer", where the informer is the square of the moduius of the luminosity
function. Even in this case, after elementary conversion, the phase of the
complex luminosity function is reconstructea from the known modulus, 1. e.
there are no losses of information on phases of high-frequency signals.

6.5. Systems Approach to the Optical Cavity Problem

The use of systems theory gives new possibilities for analyzing and synthesizing
open cavities [Ref. 1, 14].

The essence of the systems approach to the optical cavity problem consists
in the following. Some distribution of the electromagnetic field is taken
as the input signal simulating the open cavity, and the field distribution
in the same plane produced by the input action as a result of its repeated
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propagation from one grain to another is taken as the output signal. Such

a4 system is completely described by the space-frequency characteristic. Be-
sides, the inverse Fourier transform of the frequency response gives the re-
sponse of the system to the input signal described by a delta function, or
else gives the Green's function of the optical cavity problem. Knowledge

of the Green's function enables us to find the modes of the open cavity, since
it is the sum of the eigenfunctions (modes) of the given problem.

In most solutions of electrodynamic problems, finding the Green's functions
presents serious difficulties. The simplicity of the elements that comprise
the optical cavity (mirrors or generators of frequency-modulated waveforms,
space as a linear phase filter [Ref. 14]), enable us to construct a model

of the optical cavity as a linear system with feedback [Ref. 14], to determine
the space-frequency characteristic of such a system, and by carrying out its
Fourier transformation to get a pulse response, i. e. the Green's function

of the optical cavity problem.

The general space-frequency characteristic of the open cavity is found in
the following way. Let H(u) be the space-frequency characteristic of the
system that describes one circuit of the cavity by an electromagnetic pertur-—
bation.

After each circuit of the cavity, the electromagnetic perturbation of a certain
plane is again incident on this plane, in virtue of which the cavity is a
system with feedback, and its general space-frequency characteristic has the
form

' Py, (4)
Hy(g)= —2—— |
o(t)=1— e
1, for 4] <y,
0,for |ul>u,
of transmitted space frequencies. Here use is made of the property of the

pupil function

where P, ()= is the pupil function that determines the band

wWithin the framework of idealization that uses the Huygens-Fresnel principle:
P,

1 —ryrgexpl [-—-( ! + !

4(2a—8y)  4(2a—f2)

where r;, r, are the mirror reflectivities, a=k/2L; k=2n/)A is the wave num-
ber; L is the distance between mirrors; B=k/2f; f is the focal length of
the mirror.

H.(u)——-‘- ’ (6- 47)

)"’—(Fl + o) x?

Inverse transformation of the Fourier characteristic gives the pulse response
of the system

"o('\')='2‘;S H,(u)e"squ.

Let us represent this integral in the form of the convolution of Fourier trans-

forms of the cofactors P, (u) and of function Hg(u)

1 — H ()
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!
1 —H @)’

hy(X)= (Py, ()} % ® { (6. 48)

that defines the Green's function of the cavity problem. (Here ¥ dnotes con-
volution of the two functions.) The first function in convolution (6.48)
is sin upx/mx, and accounts for finiteness of the mirror dimensions. The
- second function defines the solutionigfxt:he problem of modes with infinite
mirrors, and is expressed in form Ie 0> where

/TR RGN o BB o1
fa= ‘/" it S e i)

Thus the general solution is written as integral

[’.(_f).\, E S e“m" M.:—el— {"E.

x—E
'

As an example we consider a cavity with identical infinite mirrors (R =R2=R)
and we find the set of eigenfunctions that correspond to subscript m=0. We
restrict ourselves to the approximation of real mirrors, i. e. we set r,=rz = 1.
We have

Ug=ix -%'{-]/2\:—'\3. v=pla=L/R,

L EVE v Y

implying ¢g(x)=e*r=e u .

Under these conditions, in the case of infinite plane-parallel mirrors (B =B2=
L/2R=0) the optical cavity is a spatially invariant system and its general
space-frequency characteristic will be in accordance with (6.47)

—— — .I_ - —. __-
Hyw)= 1 —expl (—Ludk) "

The pulse response of such'a system will be equal to

n,(x)=?lr.fj .'_;e,;(l_,_t_u,) e,'"du. _ .(6.49)
; A S

The integrand has first-order poles at points
U= +V 2nmk]L,

and a second-order pole at point u=0. The residue at point u= 0 is zero.
The residue at point up is e"“."'/2-—l;- ft,. Thus the pulse response of the cavity
will take the form of the sum

.I'o (x) - 2 €08 (Umx) .

Luy/k
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For a planar cavity we get a solution in the form of cosines with argument that
includes the distance between mirrors. The latter circumstance enables us

to find the solution of a cavity with a mirror that has periodically spaced
apertures.

Let us consider a cavity in which one of the plane-parallel mirrors has a
periodic structure that consists of alternating reflecting and transparent
strips of identical width x,/2.

The space frequency characteristic of the system that describes the process
of propagation between two planes separated by distance z takes the form

[Ref. 33]
_ z a2 —
H, (u)=exp {12:; 5y V l' (-—2“ ) } (6. 50)

Let us limit ourselves to consideration of the case of two spatial harmonics
(m=0, 1). Then the output signal of the system will have a spectrum defined
by the expression

F o (0)=F o (1) 2 H (m2n]x;)8 (14 m2n[xg)=
me=0,1

=I‘-".l (0)H(0)+F“ (Qﬂ/x.)H(2u/xo)-
[Russian subscripts B = output; Bx = input]

In the case of optical systems, the function Fp,x(u) is equal to the amplitude
of the field in the exit pupil. In the given case it is equal to the ampli-
tude of the field in plane z. The intensity of this field is

F e (8) F o (8= O +1F (21 +

+21F e ()1 |F e (278/ )| cOS [ (0) — @ (271/ %)),
where ¢(u) is the phase of frequency response (6.50).

With consideration of expression (6.50), the intensity in plane z is represented
in the following form:

- Faa (@) Foy (8)=|F o (OF +|F o (25/6,)" + -
+2|F  (O)) |F g (20/ x5)| cO8 [2n2/A— 2rz/A YV T= (N}

This implies that the intensity of bands formed in plane z is maximum 1if the
distance to this plane is

M\ =12
1— V1= (xR ' o

Z, = =
If period x¢>>A, we get the relation

2, =2Mx)\,

The resultant relations coincide with the known Rayleigh relations [Ref. 74].
It was Rayleigh who called attention to this effect of lattice reproduction
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in coherent light. Subsequently, the effect was experimentally verified and
a number of papers were devoted to it, e. g. Ref. 38, 125. Space-frequency
analysis of an open optical cavity gave the capability of determining the

form of the natural oscillations of the resonant cavity -- periodic modes --
a phenomenon similar in nature to the lattice reproduction described by Ray-
leigh.

In the general case for a cavity with mirrors having radii of curvature R;
and R,, we get the condition of existence of periodic modes from the expres-—
sion that defines the Green's function:

VAN 1
B e euad — =N "
[”‘ (i th )=
where N=1, 2, 3...

Fresnel Sandwich as Optical Cavity

The Fresnel sandwich is a device in which the distribution of the field of
electromagnetic radiation repeats itself.

Finding the conditions of self-reproduction of the field is the problem of
4 mode determination.

Consequently, if we make the reflectivity of one of the mirrors vary like
a Fresnel function (which is reproduced in the sandwith), then under certain
conditions the distribution of the field
reflected from this mirror will reproduce
lL’“' itself after each pass through the cavity,
g and the Fresnel sandwich can be used as an
! optical cavity. According to Ref. 58, a
l . Fresnel sandwich made up of three Fresnel
4| zone plates (Fig. 6.26 realizes Fourier trans-
4 formation at certain parameters so that its
‘ action is described by the following equation:

(v

A

|
i

o

| ‘%one lateg
- ' s

-

1

—~d

F ()= 2} (x){[f (x) Zg (%) % Zo(*)]} (1), (6.51)
Fig. 6.26. Fresnel sandwich

where f(x) is the initial function to be
transformed by the Fresnel sandwich. This function may be the amplitude dis-
tribution of the electromagnetic field in plane z=0, 1. e. in direct proximity
to the first Fresnel zone plate (see Fig. 6.26):

zo(x)=ll.,]/§exp(iu3x’) is the Fresnel function.
Here we are considering one-dimensional distribution of the electromagnetic
field f(x). The results of such consideration are easily extended to the

case of real two-dimensional distribution f(x, y).

Transformation of the image f(x) via the Fresnel sandwich leads to the Fourier
transform of the initial function. For this purpose it is necessary that the

84

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1

FOR OFFICIAL USE ONLY

zone plate in plane z=1, be reduced with respect to zone plates in planes
2=0 and z=1,+ L, by a factor of 7,/11+1;, and that the parameter of the
Fresnel function Zo*(x) satisfy equality u?=1/2. The Fourier image of the
initial function is formed in the plane directly behind tte third zone plate,
i. e. in plane z= (11 +13).

Now let the surfaces of the plane-parallel mirrors that ccmprise the open
optical cavity have reflectivity that varies as the transmission function

of the Fresnel zone plate, and let the corresponding zone plate be placed
between such mirrors in plane z; =1;. The action of such a cavity, like the
Fresnel sandwich, is described by equation (6.51), i. e. &t certain parameters
such a cavity realizes Fourier transformation of the electromagnetic field
distribution after one pass from one mirror to another.

The first multiplication f(x)Ze*(x) in the right-hand part of equation (6.51)
takes place upon reflection of the electromagnetic wave from the first mirror
in plane z=0. The operation of convolution is also realized just as in the
Fresnel sandwich as a result of light transmission through the zone plate
located in plane z=17;. The last multiplication is realized upon reflection
of light from the second mirror located in plane z=(l;+1;). The Fourier
image of function f(x) is formed in plane z= (1y+ 12) -- in direct proximity
to the surface of the second mirror.

In virtue of symmetry, its eigenfunctions will be defined by the equation

()= talle—rende,, (6.52)

where A\ are eigenvalues corresponding to eigenfunction ¥y (x), and a is the
transverse dimension of the mirror.

Equation (6.52) for the modes of the described cavity coincides with the equa-
tion that defines the eigenfunctions of a confocal cavity. These functions
are proportional to spheroidal wave functions, and they have a number of prop-
erties that are useful for applications. For example Y(x) has the maximum
possible energy on interval xl€41, which dictates minimum possible diffrac-
tion losses in the optical cavity. In addition to this property of the eigen-
functions of the Fresnel sandwich, the feasibility of using it as the optical
cavity in a laser is due to the capability of coupling electromagnetic energy
out through apertures in the zone-plate mirrors, the influence on output beam
parameters (reduction of divergence as a consequence of an increase in spot
diameter on the mirror), and more complete utilization of the active substance
of the laser due to diffraction by the zone structures of such a cavity.

6.6. Holographic and Integrated Optics

A certain number of optical devices are used to transform the amplitudes,
phases and polarization characteristics of light beams: mirrors, prisms,
lenses, birefringent and phase plates, polarizers, various kinds of gyrators

and diffraction gratings. Optical components of this type are usually cumber-
some and expensive, and their capabilities for handling light beams are limited.
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This has given rise to the problem of developing compact optical equivalents
of known optical components and devices that have new properties. These prob-
lems have been studied in a number of papers {Ref. 22, 36, 61, 62, 113, 114,
145].

Holographic methods enable us to produce holograms that are analogs of con-
ventional optical components and that in addition have a number of interesting
peculiarities [Ref. 62]. The capability of superimposed holograms to act
independently allows the development of complex combinations of such components
and even creation of new devices that have no analogs in classical optics.

The new field of application of holographic methods of producing and prolifer-
ating both elementary and complex optical components is developing rapidly.

Hologram-Mirrors. The simplest optical component is a flat mirror (total
internal reflection prism) -- an optical device that changes the direction
of a light beam. Its principal characteristic is reflectivity; multilayered
dielectric coatings are used to increase this parameter. Such mirrors are
essentially artificial holograms adapted for operation in monochromatic light.
With appropriate production they can alter the nature of polarization of re-
flected light beams in a predetermined way. Extensive use is made of multi-
layered coatings that do not change the nature of polarization of light that
is incident on them at a certain angle. Sometimes such hologram-mirrors can
be used as light filters and polarizers. Such components are characterized
by less irregular scattering of light than conventional optical mirrors.

Hologram-Lenses and Holographic Objectives. The diffraction analog of a lens
is the zone plate. A zone plate forms an image of an extended object in the
same manner as a conventional lens, and its resolution at the focus is equal
to that of an ideal lens of the same aperture. The main disadvantage of the
zone plate (both phase and amplitude plates) is the presence of a series of
focal lengths corresponding to real and imaginary foci that depend on the
wavelength of light. In contrast to an ideal lens, the zone plate is not
tautochromic. In imaging objects that are a finite distance away or off the
optical axis, the light reaches the end zones and the center at different
times, leading to dephasing of waves in the focal plane.

An important advantage of zone plates is their two-dimensionality and their
capability for focusing infrared, ultraviolet and soft x-rays. This property
is used in making compact light equipment for space research [Ref. 113, 11].

Zone plates are made most precisely and simply by a holographic method. Zone
plates can be recorded on both sides of a thick photographic emulsion by

Yu. N. Denisyuk's technique [Ref. 36] with subsequent reconstruction by white
light with selection of one wavelength. Such zone plates give only the real
image. When a zone plate is recorded in the light of three lasers operating
on different wavelengths, it can be used to get a color image.

Holographic recording of zone plates in the off-axis arrangements gives plates
with spatial separation of the principal real and imaginary foci from each

other and from the zero diffraction order. Such a recording scheme almost
completely eliminates background and considerably improves image quality.
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In addition to the classical zone plate, a hologram-lens can be made that

is formed by two point sources producing diverging spherical waves. High-
quality objective lenses have been recorded on holograms in this arrangement.
The resultant holograms are the analogs of the objective .enses. The use

of a hologram-lens for recording an image to produce focused-image holograms
enables simultaneous production of both the focused image and a reference
beam in the form of undiffracted light.

Computers can be used to improve the diffraction efficiency of hologram-lenses
made on photographic emulsions. 1In this case, the calculated relief is applied
to a large surface, then reproduced by precision optics. The diffraction
efficiency of such hologram-lenses (kinoforms) reaches 907 [Ref. 145].

The strong chromatic aberration of the hologram-lens can be used in spectral
instruments. The hologram-lens can serve as a dispersing component, replacing
expensive concave diffraction gratings.

An important advantage of diffraction optics is the capability of producing
complex optical components. One of these is the holographic image multiplier
on which the Fourier transform of a set of point sources is recorded. Such

a device produces multiplied images with resolution of 6 um on a 5x 5 cm field.

Holographic Diffraction Gratings. These are made in sizes up to 150 mm, band
frequency 3000 lines/mm, resolution of the order of 1 &. The holographic
method produces gratings that give forward diffraction of a wave of given
shape, enabling correction of aberrations of optical systems of spectral in-
struments.

Holograms as independent optical elements produce a real image of an object
without using additional lenses and objectives. Holographic methods that
permit recording of several holograms on a single photographic plate open
up new possibilities for making light and compact optical devices capable
of performing the functions of several components simultaneously [Ref. 22].

One of the important jobs on the road to development of holographic optics

is to work out a method of getting holograms that have high diffraction ef-
ficiency, i. e. low losses [Ref. 107, 108]. Obviously these must be phase
holograms since amplitude holograms inevitably absorb part of the energy passing
through them.

The development, standardization and classification of artificial optical
components enables us to make optical devices in accordance with principles
analogous to those in electronic systems.

Optical effects in thin-film waveguides can be used for optical and optoelec-
tronic data processing. Thin-film dielectric waveguides can be used as a
basis for miniature laser devices, optical modulators, filters, parametric
generators and other components for communication systems with large informa-
tion capacity, high-speed computers and for optical data processing systems.
The production of thin-film optical components on a flat dielectric backing
opens up the serious possibility of integrated optical circuits [Ref. 145].
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Integrated optics sprang up as a result of studying the principal properties
of optical waveguides on a dielectric backing, development of the method of
input and extraction of light through a waveguide surface based on the optical
tunnel effect, and accomplishment of laser frequency conversion in a nonlinear
thin-film waveguide.

- One of the problems of integrated optics is creation of passive optical compo-
nents (lenses, prisms, diffraction gratings) in film. Just as prisms and
lenses are formed in conventional optics by appropriately shaping the surfaces
of transparent dielectrics, so components that act as prisms or lenses can
be formed in thin films by appropriately shaping the boundaries of a region
of change in the index of refraction. For practical purposes, this can be
done by a local change in thickness of the film. In another technique, prisms
and lenses are formed by introducing a suitably shaped layer with high index
of refraction into a waveguide film or substrate. Film prisms can be used
to analyze the frequency spectrum of a waveguide light beam in any mode, or
for spatial separation of the light of different modes on the same frequency.
Thin-film lenses for a surface wave are formed by shaping a curved boundary
of the region with changed film thickness.

An important part in making prisms and lenses in thin-film optics 1s played

by dispersion of the index of refraction, which is readily altered over a

wide range by selecting film thickness. It should be noted that we can have
refraction on the boundary of two regions without dispersion, which is important
for making achromatic prisms and lenses.

In addition to prisms and lenses, diffraction gratings can be made in two-
dimensional optics by applying closely spaced depressions on film surfaces,

or by applying dielectric strips with low index of refraction. The constant

of propagation of the surface wave in such a structure undergoes periodic
variations, leading to diffraction effects similar to light scattering on

a standing acoustic wave in a volumetric medium. These phenomena can be used

in a number of thin-film devices of the spectral filter and mode selector

type. Material with high saborption applied instead of a dielectric on the
film surface causes rapid attenuation of the optical surface wave. This effect
can be used to create thin-film equivalents of amplitude masks, spatial filters,
gratings and lenses of the Fresnel zone plate type.

Dielectric films with thickness of the order of a wavelength of light or less
are important in integrated optics. Critical film thicknesses corresponding
to low-order surface waves lie in this range. At the minimum effective thick-
ness of the waveguide, the maximum gradient of the effective index of refrac-
tion is reached. The optical tunnel effect based on a prism is used for
coupling the radiation into and out of thin-film waveguides. It is a compli-
cated job to get the optimum profiles of the film and gap that ensure total
input of a given light beam into a predetermined mode of a thin-film waveguide.

In addition to tunnel input of radiation, it is highly effective to excite
surface waves by a phase diffraction grating applied on the surface of the
waveguide film. The input devices use both planar and volumetric diffraction

gratings that are applied directly on the wavetuide film. Radiation can be
coupled in and out through a tapering edge of waveguide film.
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The waveguide film may consist of dielectric layers of optically nonlinear
material. The properties of nonlinear optical waveguides can be used to excite
radiation on combination frequencies of the initial waves, and also to get

the second harmonic. Thin-film optical waveguides can be used for spatial
scanning of surface waves. Of greatest promise here is an acoustic method--
interaction of light with elastic waves propagating in the film. The capa-
bility for getting high concentrations of optical and acoustic energy in thin
films allows creation of efficient thin-film spatial modulators. The acoustic
method of converting surface wave modes is not unique. It is possible to
convert optical modes in films with anisotropic and gyrotropic backings and
boundary interfaces.

At the present time, a number of active components have been suggested and
realized in thin-film waveguides. An investigatior has been made of stimu-
lated emission of gelatin films of different thicknesses and under different
pumping conditions. 1In addition to the capability for single-frequency lasing
in a film 14 im thick, the possibility has been noted of multifrequency lasing
with strong pumping and in thicker films. The multifrequency nature of the
radiation is associated with stimulated emission of different modes of the
gelatin film. A change in the period of spatial modulation of the index of
refraction or gain gives the capability of tuning laser wavelength with dis-
tributed feedback. For these purposes we can use the property of an organic
dye solution to change gain and index of refraction upon absorption of intense
optical radiation. Creation of a thin-film ring laser in which strong feedback
is set up by the simplest method enables expansion of the class of thin-film
lasers by using media with moderate gain. The thin-film ring laser can be
quite simply joined to a flat film on a backing, and is used for coupling
radiation into the film.

Electroluminescent and semiconductor lasers can be used as thin-film active
elements, and have a fine outlook in integrated optics in view of their small
size, high efficiency and other advantages over lasers of different types.

In recent years, integrated optics has reached a l2vel of development where
its capabilities revealed in laboratory studies are finding ever wider appli-
cation for optical and optoelectronic data processing.
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PLASMA PHYSICS

uDC 533.9.01
NONEQUILIBRIUM LOW-TEMPERATURE PLASMA KINETICS

Moscow KINETIKA NERAVNOVESNOY NIZKOTEMPERATURNOY PLAZMY in Russian 1982 (signed
to press 10 Dec 81) pp 2-5, 373-375

[Annotation, preface and table of contents from book "Nonequilibrium Low-
Temperature Plasma Kinetics", by Leon Mikhaylovich Biberman, Viadimir
Sergeyevich Vorob'yev and Igor' Tevfikovich Yakubov, Institute of Low Tempera-
ture Physics, USSR Academy of Sciences, Izdatel'stvo "Nauka', 2350 copies,

376 pages]

{Text] This book is the first to cover a wide class of problems in nonequi-
1ibrium low-temperature plasma kinetics. Data are given on collisional and
radiative elementary processes. Radiative transfer of excitation is con-
sidered. Criteria of equilibrium under a variety of experimental conditions
are discussed. Nonequilibrium distributions of atoms by levels are described
as well as electron energy distributions. Methods are outlined for calculating
coefficients of ionization and recombination. Unsteady processes are discussed.
Some questions of kinetics in a molecular plasma are considered.

The book is intended for scientists and engineers working in the fields of
plasma physics and plasma chemistry, electric discharge in gases, physical
electronics, and also for graduate students and upperclassmen majoring in
physical and technical fields. Figures 128, tables 44, references 490.

Preface

The first plasma research was done in connection with studying electric dis-
charge in gases. Physicists had been concentrating on partly ionized plasma
with kinetics determined by various collisional and radiative processes. This
trend of research was determined to a considerable extent by practical problems
that were urgent at the time: developing gas-discharge light sources, recti-
fiers, inverters.

Since the early fifties, interest in plasma physics has taken a sharp upturn.
This applies primarily to the investigation of completely ionized plasma with
its various collective phenomena, instabilities, interesting and at times
unexpected effects associated with propagation of electromagnetic waves in
such a plasma and the action of external electric and magnetic fields on the
plasma. Interest in hot plasma has been stimulated not only by the variety
and novelty of physical processes and effects, but also by problems that have
arisen in connection with controlled nuclear fusion.
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The appearance of new technical fields in the early sixties, such as gas-
discharge lasers, magnetohydrodynamic generators, thermoemission converters,
plasma chemistry, plasma engines, various methods of plasma technology and

the like, rekindled interest in weakly ionized low-temperature plasma. This
applies primarily to nonequilibrium plasma that is distinguished by extra-
ordinary diversity of states and properties. It is in a weakly ionized non-
equilibrium plasma that population inversion of excited states of atoms and
ions is realized, high electrical conductivity of low-enthalpy gas flows 1is
attained that is necessary for installations of direct energy conversion,

and selective excitation of individual states of atoms is realized that ensures
efficiency of plasma-chemical reactions. Specific oscillations and instabili-
ties that originate in nonequilibrium low-temperature piasma are of consider-
able physical interest.

Low-temperature plasma kinetics is determined by a combination of a large
number of elementary processes, among which we mention inelastic collisions
of electrons with excited and unexcited atoms, inelastic collisions of atoms
and ions, processes of associlative ionization and dissociative recombination
and many others that are absent or of little significance in a hot plasma.

- Processes of radiative excitation transfer play an appreciable part. As a
result, the kinetics of low-temperature plasma is in some sense also more
complicated and varied than the kinetics of a completely ionized plasma,
largely due to the presence of atoms and molecules with their numerous excited
states.

Despite the considerable advances that have been made in recent decades, low-
temperature plasma kinetics has not yet been duly reflected in monographs
devoted to plasma physics. The widely known series "Problems of Plasma Theory"
edited by M. A. Leontovich, and bocks by L. A. Artsimovich and R. Z. Sagdeyev
"plasma Physics for Physicists", I. Shkarovskiy, T. Johnston and !. Bachinskiy
"Kinetics of Plasma Particles", N. Kroll and A. Trayvelpis "Fundamentals of
Plasma Physics" and others have dealt primarily with other problems. In this
book the authors have attempted to fill this gap. Major emphasis has been
given to kinetics of ionization, excitation, recombinatior, energy distribution
among plasma components and individual degrees of freedom of these components,
energy exchange between plasma and ambient medium. The plasma is treated

as an interrelated system of electrons, ions and atoms in different emergy
states. Interaction among particles in the presence of external perturbations
gives rise to compromised nonequilibrium states. A more detailed exposition
of some problems can be found in other publications. The state of a plasma

in magnetic fields is described in the series 'Problems of Plasma Theory".

The ‘book by A. V. Yeletskiy, L. A. Palkina and B. M. Smirnov "Transport Phe-
nomena in Weakly Ionized Plasma" contains a fairly complete exposition of
the physics of transport phenomena in low-temperature plasma. Instability
problems are covered in a series of surveys by Ye. P. Velikhov et al., and
also in the book by A. V. Nedospasov and V. D. Khait "Oscillations and Insta-
bilities of Low-Temperature Plasma". There is a series of monographs dealing
with problems of kinetics that arise in connection with development cf specific
applied devices: MHD generators, lasers and the like. 1In our monograpia we
cover problems that are in some measure common to all these applied studies.
Nonequilibrium plasma theory is presented simultaneously with numerous experi-
mental results.
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Chapter 1 outlines the region of parameters corresponding to low-temperature
plasma, giving the major concepts of plasma physics necessary for further
exposition.

Chapter 2 is devoted to elementary collisional and radiative processes. It

is a reference chapter that provides the minimum required information on proba-
bilities of elastic and inelastic collisions and radiative transitions. Con-
siderable attention is given to approximate and semiempirical relations for
probabilities of various elementary processes.

Radiative excitation transfer plays a rather important part in nonequilibrium
plasma kinetics. This question is treated in Chapter 3.

The authors have deemed it necessary to set forth the criteria of arisal of
various kinds of nonequilibria individually in the fourth chapter. Research
results given in this chapter are presented on the basis of physical consider-
ations, and can be used without studying the subsequent chapters where they
are more rigorously substantiated.

Chapter 5 examines the distribution of atoms with respect to excited states.
This topic is of interest not only from the standpoint of the optical proper-
ties of plasma and its diagnosis. Lxcited atoms play a quite important part
in the kinetics of ionization and recombination, being as it were the rungs
of a ladder over which the electron passes from the bound to the free state
and back.

Chapter 6 outlines the kinetics of ionization and recombination. Various
mechanisms of ionization and recombination are discussed, methods are given

for calculating coefficients of ionization and recombination, and also reference
data. Nonequilibrium ionization in a plasma is considered.’

Chapter 7 is devoted to the velocity distribution of electrons, and to the
energy balance of an electron gas. Considerable attention is given to the
influence of inelastic collisions on energy distribution of electrons, and
to the relation between nonequilibrium electron energy distribution and the
distribution of atoms by excited states.

In chapter 8 we consider some questions of an unsteady nonequilibrium plasma;
primarily the rather important criteria of quasisteadiness, problems of ioniza-
tion relaxation, distribution of atoms by excited states and the electron
energy distribution function. Also discussed are some problems of low-tem-
perature plasma instability that are closely related to the kinetics preserted
above.

Molecular plasma kinetics is much more complicated, and at the present time
has been less developed than the kinetics of atomic plasma. Some questions
of molecular plasma kinetics are discussed in chapter 9. With a view mainly
to gas lasers, we briefly consider the kinetics of population of vibrational
states of molecules. This section of chapter 9 was written by A. A.
Likal'ter, who has the authors' sincere gratitude.

Abbreviated notation is used in tables: e. g. 6.37"2 means 6.37-1072,

92

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1

FOR OFFICIAL USE ONLY

Contents page
Preface 3
Chapter 1
Low-Temperature Plasma. General Information 6
1.1. Quasineutrality. Debye shielding 6
1.2. 1Ideal plasma 8
1.3. Equilibrium plasma 9
1.4. Local thermodynamic equilibrium. Elementary processes 11
1.5. Particulars of transport phenomena 13
1.6. Nonequilibrium low-temperature and high-temperature plasmas 16
Chapter 2
Elementary Processes in Low-Temperature Plasma 19
2.1. Elastic collisions 19
2.2. 1Inelastic collisions of electrons with atoms, ions and molecules 22
2.3. Inelastic collisions with heavy particles b4
2.4. Elementary radiative processes 59
2.5. Average energy transferred to atom in collisions 66
Chapter 3
Rediative Excitation Transfer 74
3.1. Major peculiarities of radiative excitation transfer 74
3.2. Equation of radiative excitation transfer 77
3.3. Approximate method of effective lifetime 80
3.4. Radiative transfer of excitation in inhomogeneous medium 84
3.5. Limits of applicability of the theory 89
Chapter 4
Criterion of Arisal of Nonequilibrium States 91
4.1. Criterion of electron temperature separation 92
4.2. Criterion of equilibrium ionization and equilibrium distribution of

atoms by levels 96
4,3, Criterion of violation of maxwelliian distribution 109
Chapter 5
Kinetics of population of excited states 114
5.1. Qualitative pattern of population distribution in nonequilibrium

plasma ‘ 114
5.2. System of kinetic balance equations for populations of excited

states 118
5.3. Numerical methods of solving kinetic system of equations for

populations 122
5.4. Diffusion approximation 125
5.5. Discrete methods and modified diffusion approximation 132
5.6. Comparison of analytically found populations with data of computer

calculations and experiments 141
5.7. 1Influence of atom-atom collisions on population distribution 145
5.8. Accounting for sources of excited atoms in system of balance

equé -ions 147
5.9. Peculiarities of shock-radiative kinetics in rarefied plasma 153
5.10. Some applications of the theory 157
Chapter 6
Kinetics of Ionization and Recombination 164
6.1. Elementary kinetics of ionization and recombination 165

93

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1

FOR OFFICIAL USE ONLY

6.2. Principal equations of ionization and recombination kinetics and

results of numerical solution 174
6.3. Coefficients of shock-radiative recombination in diffusion and

modified diffusion approximations 183
6.4. Electron concentration in nonequilibrium steady-state conditionms 205
Chapter 7
Electron Energy Distribution and Electron Energy Balance 209
7.1. Kinetic equation and electron energy balance ! 210
7.2. Inelastic collisions. Their effect on electron energy balance,

frequency of excitation and ionization 222
7.3. Self-consistent electron energy distributions and distributions of

atoms by excited states 239
7.4. Electron energy distribution in strong electric field 245
Chapter 8 .
Unsteady Nonequilibrium Plasma 255
8.1. Criteria of quasisteadiness 255
8.2. 1Ionization relaxation 263
8.3. Radiation of unsteady plasma 273
8.4. Relaxation of distribution function 276
8.5. Instabilities of nonequilibrium plasma in external electric field 282
Chapter 9
Some Problems of Molecular Plasma Kinetics 293
9.1. Electron energy balance 293
9.2. Electron energy distribution function 299
9.3. Distribution of molecules by vibrational levels 304
9.4. Electron-ion recombination in molecular gases 315
9.5. Some problems of kinetics of atomic-molecular plasma 324
Appendices 330
References ] 352

COPYRIGHT: Izdatel'stvo "Nauka", 1982

6610
- CS0: 1862/166

94

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1

FOR OFFICIAL USE ONLY

UDC 533.92

DYNAMICS AND RADIATION OF OPEN (VACUUM) PLASMA-DYNAMIC DISCHARGES OF 'PLASMA
FOCUS' TYPE: SURVEY

Moscow TEPLOFIZIKA VYSOKIKH TEMPERATUR in Russian Vol 20, No 2, Mar-Apr 82
(manuscript received 25 Feb 80) pp 359-375

[Article by A. S. Kamrukov, N. P. Kozlov and Yu. S. Protasov, Moscow Higher
Technical Academy imeni N. E. Bauman]

[Text] The paper gives the results of an experimental study
and analysis of the dynamics, space-time structure and
emission properties in the range of energies of quanta of
2-350 eV for open (vacuum) intense plasma-dynamic discharges
of the "plasma focus" type. A method is described for com-
prehensive investigation of the radiation properties of
intense emitting discharges in the spectral region from

the visible to the extreme ultraviolet (XUV). It is shown
that the emission spectrum of a plasma focus is sharply
different from planckian, and is due mainly to the recom-
bination concinuum of typical groups of ions that determine
the properties of plasma at a given temperature and density,
70-90% of the emitted energy belonging to the XUV region

of the spectrum.

The authors consider possibilitiés of effective control

of the emission spectrum over a wide range of energies of
quanta (influence of macrostructure of hypersonic flow,
chemical composition, etc.) and attainment of high bright-
nesses in the XUV. Brightness temperatures exceeding 5 eV
have been reached for the first time in the region beyond
the helium ionization potential.

Recent years have seen a considerable upsurge of interest in development of
powerful sources of radiation with high brightness temperature in the extreme
ultraviolet region. This is due to expansion of the sphere of scientific

and applied problems whose solution in large measure depends on development

of such sources. In the first rank among such problems are promising develop-
ments in design of powerful lasers for the visible and near ultraviolet region
for which the absorption bands of working media are in the XUV region (lasers
that use allowed electron transitions. of molecules [Ref. 1], excimer
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photodissociation lasers [Ref. 2]), and also research on the possibilities
of developing new types of coherent radiators (photoionization lasers [Ref.
3]). Furthermore, such sources can be used for other purposes as well, e. g.

- for studying photochemical reactions, processes of interaction of radiant
high-density fluxes with condensed media, etc.

The outlook for developing high-intensity plasma sources in the XUV region

is determined in large measure by the capabilities of getting sufficiently
large volumes of dense (Ne==1017-1019 cn~ %) plasma with temperature Te=

2-10 eV, for which a considerable part of the radiation may be in the extreme
ultraviolet and associated with photorecombination of electrons to the ground
states of double, triple and higher-multiple ions. High selectivity of the
emission spectrum of such a plasma, which is important for example for exci-
tation of active laser media, can be attained at fairly small optical thickness
of the plasma, where recombination maxima show up in the emission spectrum

and have appreciable intensity.

Attracting the most attention among methods of getting a dense radiating plasma
is an electric-discharge method with plasma containment by the magnetic self-
field of the discharge current. However, in developing XUV radiation sources
based on intense self-compressed discharges of the z-pinch type, fundamental
- difficulties arise that are associated with shielding of short-wave radiation
by layers of cool plasma expanding at thermal velocity (vacuum discharges
in metal vapor [Ref. 5]), or with arisal of an ionizdtion wave that stabilizes
the brightness temperature of the radiating surface on a level of 2-3 eV (dis-
charges in inert gases [Ref. 6]). In contrast to the mentioned sources of
radiation, conditions may be realized in the intense plasma-dynamic discharges
of a magnetoplasma compressor of the "plasma focus" type [Ref. 7] under which
shielding of short-wave radiation of the hot plasma is excluded in principle
{Ref. 8]. As is known [Ref., 7], a characteristic feature of self-compressed
discharges of magnetoplasma compressors is the high average mass velocities
of the radiating plasma (v| ~50 km/s), considerably exceeding its thermal
velocities (Mach number in the flow M~ 5-10 {Ref. 9]). Thus even in a quasi-
steady state of flow, an optically dense shielding layer is nct formed due
to satisfaction of the condition v§>>V|~ Vitherm (Vl is the velocity component
perpendicular to the axis of flow). ~

Of interest in connection with this is a detailed study of the space-time
structure and peculiarities of spectral distribution of emission of open
plasma-dynamic discharges for the purpose of determining capabilities for ef-
fective control of the emission spectrum over a wide range of quantum energies
hv ~ 5-100 eV, and attainment of high brightness characteristics in the extreme
ultraviolet.

1. Experimental Conditions and Research Method. Studies of dynamic and radia-
tion properties of open (vacuum) intense plasma-dynamic discharges were done

on a facility consisting of a steel discharge chamber 0.8 m in diameter and

3 m long pumped out by a high-capacity vacuum system to a pressuré of 10~3 Pa,
a capacitive energy storage device, a charging module with initiation unit,

and also measurement and diagnostic instrumentation.
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Fig. 1. Diagram of experiment: 1-=vacuum section; 2--

magnetoplasma compressor; 3--quartz (glass) calorimeter;

4--DFS-29 diffraction spectrometer; 5--differential high-

vacuum pumping units; 6--open ionization chamber; 7--vacuum

standard based on KRIS; 8--bolometric section; 9--photo-

electric sensor with M-foils; 10--scintillation spectrometer;
11--Xr-Co thermocouples

The plasma sources in the described experiments were magnetoplasma compressors
of erosion type comprising a coaxial system of cylindrical or specially shaped
electrodes separated by a dielectric sleeve. The plasma-forming substances
were products of erosion of the electrodes and/or products of ablation of

the separating sleeve. The chemical composition of the electric-discharge
plasma was controlled by appropriate choice of the construction materials

of the magnetoplasma compressor. For example, to get a discharge in metal
vapor, heat-resistant dielectrics were used as the material for the separating
sleeve (boron carbonitride BNC, zirconium dioxide Zr0O, or alundum Al,03),

and the electrodes of the magnetoplasma compressor were made of the appropriate
metal (Cu, Cd, Al, Mo). The main yield of metal in the discharge came from

the central electrode (cathode); the partial fraction of erosion of the outer
electrode was less than 10%, and did not significantly change the chemical
composition of the plasma. When a separating sleeve of ablatable material

was used (fluorocarbon plastic (C2Fu)n, polyformaldehyde (CH20)n, cesium iodide
CsI, etc.) with electrodes of erosion-resistant metals (Mo, W, Cu), the plasma
composition was determined mainly by the products of dissociation and ablation
of the dielectric.

Magnetoplasma compressors were used in the experiments with geometry of the
electrode system similar to that described in Ref. 10; diameters of the outer
electrode were varied over a range of 30-80 mm. The magnetoplasma compressor
models were installed on the dielectric end flanges of the discharge chamber,
and the investigated discharges were observed and diagnosed through optical
side windows in the chamber. All experiments were done. with negative polarity
of the central electrode in the first half-period of the discharge current.
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The electric energy accumulator was a bank of low-inductance IMM-5-150 capaci-
tors connected in parallel. Maximum capacitance of the bank in the described
experiments was C= 750 uF, maximum charging voltage was Up=5 kV.

The electrotechnical parameters of the discharge were measured by a standard

. technique, using calibrated Rogowski loops and compensated RC voltage dividers.
The discharge was periodic in nature with strong damping. As a rule, a current
pulse contained two or three half-periods with duration varying over a range
of 17-20 us for different models. Maximum current was reached in 6-8 us of
the discharge, and in operation on a fluorocarbon plasma at Co =750 yF was
~420-460 kA (at a rise time dI/dt up to 0.8:10'' A/s). Current damping factor
was ~7.7-10% s~!. The total inductance and impedance of the discharge circuit
together with the magnetoplasma compressor as calculated from the electrical
engineerin% equation for the current in the RLC tank were ~40 nH and
~(3-5)+10~° @ respectively.

The energy input to the discharge was determined in each specific experiment
from oscillograms of the current and voltage, and at Cp= 750 uF was ~75-85%

of the energy stored in the capacitor bank, about 90-95% of the invested energy
being introduced during the first half-period of the discharge. Typical values
of peak electric powers were ~0.8 GW.

The space-time development of open plasma-dynamic discharges was studied by
SFR-2M high-speed cameras operating in single-frame and slit-scan modes.

The density of flows and the time-integrated radiation output in individual
spectral intervals of the optical band were determined by light-filtered photo-
cells calibrated by the EV-45 reference source. Recording of the time~scanned
radiation spectrum was done with an ISP-30 quartz spectrograph equipped with
disk slit chronograph. The space-time distribution of brightness temperature
Ty of the radiation in the visible region was studied by methods of mono-
chromic photometric comparison of densities of blackening of negatives of

the slit scans of the discharge and the EV-45 reference source, and the spec-
tral distribution of Ty, was determined by the method of photoelectric compari-
son of radiation intensities.

The brightness temperatures of discharges in the XUV range were measured by
double open ionization chambers, the integrated energy output of short-wave
radiation was determined from heating of a quartz calorimeter and by bolometric
methods, the relative distribution of radiation over the spectrum was studied
by a photoemission-scintillation spectrum, the XUV spectrum was recorded by

the DFS-29 vacuum spectrograph. Fig. 1 shows a diagram of an experimental
setup for studying the emission characteristics of plasma-dynamic discharges

in the extreme ultraviolet.

2. Dynamics of Open Self-Compressed Plasma-Dynamic Dischirges. Fig. 2 [photos
not reproduced] shows typical photochronograms that illvstrate the dynamics

of development of an open plasma-dynamic discharge. The discharge was ignited
by a high-voltage (20-50 kV) ignition pulse to the third auxiliary electrode
installed in the dielectric sleeve in the middle of the discharge gap in the
central electrodes of the magnetoplasma compressor.
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The plasma of the ignition discharge initiates a powerful streamer discharge
over the surface of the dielectric, leading to intense vaporization and ioni-
zation of the working substance. Streamer formation ac a contracted current
channel (Fig. 2) causes amplitude inhomogeneity of the plasma flow on the
initial stage of the discharge (t=2-4 us).

The plasma in the interelectrode gap gives rise to volumetric electric current
whose radial component j, upon interaction with the azimutaal magnetic self-
field By sets up a longitudinal component of ampere force Fz= jrBy that ac-
celerates the plasma. The process of plasma acceleration is accompanied by
electromagnetic cumulation of flow along the axis of the system and formation
of a compressed zone —- the plasma focus -- beyond the tip of the magnetoplasma

- compressor (Fig. 2a). The mechanism of electromagnetic cumulation reduces

to a two-stage process that shows up as Hall compression of the flow toward

the central electrode (cathode) in the interelectrode gap, and collapsing

of the plasma due to the pinch effect in the entrained streams beyond the

tip of the magnetoplasma compressor [Ref. 7].

The region of compression is localized in space, and is a macroscopically
stable formation, i. e. a fairly clear outline of a quiescent jet is observed
over nearly the entire first half-period of the discharge. Maximum compression
occurs 1-2 ys after attainment of the maximum current in cross sections

1.5-3 cm away from the tip of the magnetoplasma compressor. The transverse
size of the flow in this case is a few mm, length of the compression zone

is 7-15 cm, divergence of the jet is 12-16°.

The plasma flow in the compression zone is contained by the magnetic field
of the discharge. Estimates of the ratio of magnetic pressure py and gas-
dynamic pressure pp

I 2 210-"13nd*

N(1+2) kT
re (,v, v ZN.- )I:T (1+2)

show that for typical plasma parameters (see below) the concentration of
heavy particles N~10'? cm™3, average charge of ions E==Ne/ZNi'~2, temperature
KT~ 5 eV, diameter of the plasma column d ~ 0.6 cm, magnetic forces predominate
over gasdynamic forces even at currents greater than ~40 kA.

An important characteristic of the magnetoplasma compressor as a device for
producing dense high-velocity plasma flows is the coefficient of utilization
of the working substance ny,g, which is the ratio of the amount of material
flowing through the zone of the plasma focus to the total consumption of mass
over the discharge pulse. In its physical sense, this parameter characterizes
the macroscopic structure of the plasma flow discharged from the magnetoplasma
compressor. At high values of ny g~ (G.9-0.95) (Fig. 3a, ¢ [photos not repro-
duced]) the flow is a dense magnetohydrodynamically formed plasma jet with
small angular divergence. A reduction of ny ¢ (Fig. 3b [photo not reproduced])
results in a considerable part of the erosion mass not flowing through the
focus zone, and being discharged from the magnetoplasma compressor as a super-
sonic jet that is practically not contained by the magnetic field of the dis-
charge and expands freely into the vacuum. Capabilities for controlling ny.g
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and consequently the macrostructure of the flow in discharge systems based

on magnetoplasma compressors of erosion type involve appropriate choice of
energy conditions, the geometry of the discharge gap, thermophysical properties
and the method of introducing the plasma-forming substances into the discharge.
As will be demonstrated below, the macroscopic structure of the flow has a
considerable effect on the radiation properties and spectral distribution

of emigsion energy of an open plasma-dynamic discharge.

The microscopic structure of the plasma jet escaping from the magnetoplasma
compressor is revealed on photochronograms of the discharge taken with high
space-time resolution. Fig. 2¢c [photo not reproduced] shows a slit scan of

a discharge across a fluorocarbon plasma obtained with orientation of the

slit along the axis of the flow. The formed magnetoplasma compressor flow

is characterized by a discrete structure observed on the photochronograms

in the form of alternating dark -~d light bands. The characteristic dimension
of inhomogeneities in the direci.on of the axis of flow and the recurrence
rate were determined by photometry of the negatives of the scans, and are
0.2-0.5 cm and 5-10 MHz respectively. It is known that the interrupted flow
structure observed in a number of papers [Ref. 11-17] in the investigation

of pulsed accelerators of gas—discharge and erosion plasma is due to the exis-
tence of individuai microplasmoids [Ref. 17]. Investigation of the nature

of erosion destruction of the surface of electrodes and dielectric inserts

of magnetoplasma compressors and romparison with the results obtained on other
erosion plasma systems [Ref. 17] shows that the formation of individual micro-
plasmoids is due to the discrete nature of arrival of the mass of plasma-
forming material in the discharge, which is caused by space-time inhomogeneity
of energy release on the surface of the electrodes and dielectric inserts.

v, km/s If the inhomogeneities are detached plas-
moids, the velocity of their propagation
(which can be determined from slit scans
that are x-t diagrams) will be the velocity
of the flow. The results of processing

N slit scans obtained at different initial
Y voltages Uy of the discharge are shown
L/(-\\\\\ » on Fig. 4. Typical of the initial dis-

N ﬁ’r;—us charge stage is considerable time inhomo-

geneity of velocities. With increasing
Fig. 4. Velocity of plasma in Up, inhomogeneity increases rapidly. The
free jet at distance L=10 cm average mass velocities of the plasma
from the tip of the magnetoplasma flow are ~40-50 km/s. The resultant dis-
compressor {C= 750 uF, CyFy tribution of velocities agrees with the
plasma) at Up: 1--3 kV; 2--4 kV; results of measurements of the dynamic
3-=5 kV characteristics of the discharge by using

_ double electrostatic probes [Ref. 18].
The transverse structure of the flow in the compression zone was studied by
slit scans obtained with the slit of the streak camera normal to the dis-
charge axis. Fig. 2d [photo not reproduced] shows a typical photochronogram

corresponding to the cross section at distance L=2.5 cm from the tip of the
magnetoplasma compressor. It can be seen that the plasma column preserves
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its dimensions and position in space practically throughout the first half-
period of the discharge, {. e. force instabilities of the type of pinches,
kinks and the like that are typical of intense self-compressed discharges

are absent [Ref. 4, 19]. At the same time, the initial stage of the discharge
ghows azimuthal inhomogeneity due to streamer formation and subsequent propa-
gation of the ionization front over the surface of the dielectric leads to
development of a helical instability with characteristic frequencies of oscil-
lations that vary over a range of 200-300 kHz. Four microseconds after supply
of the initiating pulse the corkscrew instability becomes small-scale. A
peculiarity of the structure of the plasma flow in the compression zone is
also the presence of transverse small-scale high-frequency oscillations
("noises") with characteristic frequencies of ~10 MHz. Let us note that
small-scale structures of this kind are also observed in tne region of com-
pression of a gas—discharge magnetoplasma compressor [Ref. 20].

3. Space-Time and Spectral Characteristics of open Plasma-Dynamic Discharges
in the Quantum Energy Region of hv~2-350 eV. Ref. 7, 21, 22 devoted to the
investigation of radiation properties of a dense plasma focus give data that
reflect the integrated emission characteristics of open plasma-chemical dis-
charges, 1. e. that characterize the spectral distributions of energy densities
and radiated power averaged over the entire emitting surface of the discharge.
At the same time, knowledge of the local parameters of the radiation, their
space-time and spectral distributions, is necessary for a more complete idea
of the potential capabilities of the discharge as a source of radiation, as
well as to determine the mechanism of radiation and the nature of the emission
spectrum of the plasma.

The space-time distribution of brightness temperature (spectral brightness

of radiation) of an open plasma-dynamic discharge was studied by the method

of photometric comparison of the blackening densities of photographic film

vith time scanning of luminescence of a plasma focus and a reference light
source on the SFR-2M high-speed camera. Photometry was done on films of the
slit scans of the plasma focus taken with orientation of the camera slit both
along and across the discharge axis. The measurements were made in the blue
region of the spectrum on an effective wavelength of Agg=430%20 nm isolated
by a set of light filters (5S4 + S2S-22+ ZhS-11). An EV~45 pulsed light source
was used as the reference. In photographing the reference source, a nine-step
neutral optical wedge [Ref. 23, 24] was installed on the focal arc of the
SFR-2M; this enabled coverage of the entire optical range of photographic den-
sities of the film anticipated in photographing the plasma focus. The position
of the rotating mirror of the camera was synchronized with the flash of the
EV-45 source in such a way as to expose the photographic film behind the opti-
cal step wedge in the time period when the brightness of the reference standard
was constant.

Identity of exposure conditions in photographing the marks of the reference
standard and the investigated effect does not require the use of reciprocity
law in determining temperature [Ref. 23-26], thus eliminating possible con-
comitant errors. The films of each series of experiments and the photographs
of the reference sources were developed concurrently to eliminate the effect
of photochemical processing on measurement results.
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The use of a source with brightness temperature close to that being measured
(see below) as the comparison standard reduces the error of the method. The
error in relative measuremeat of energy brightness does not exceed *5% (error
of the method), and the error in absolute measurement of energy brightness
(etror of the method and reference) does not exceed *15% for the visible region

[Ref. 23]. The corresponding accuracy of brightness temperature measurement
is +5-10%.

0 1 1 1 L
0 L1 L o L i J \ 200 so¢ W”J} fq” Ip,xA

|
5 10 /5 a0 28 w t, us 1 2 .; &5 Uy kV

Fig. 5. Results of photographic measurements (C2Fy plasma,

Cg =750 yF) in the center of a plasma focus (L=25 mm) ¢
a--typical densitometer plot of the discharge (Wo=9.4 kJ);
b--time dependence of brightness temperature of the discharge:
1--Up=5 kV; 2--2 kV; c--dependence of maximum brightness
temperature on the electrotechnical parameters of the discharge

Fig. 5a shows a typical densitometer plot of the discharge obtained by micro-
photometry along the time axis of a slit scan of the central zone of the plasma
focus in the cross section at a distance L= 25 mm from the tip of the magneto-
plasma compressor (slit oriented across the flow), and Fig. 5b shows the re-
sults of measurement processing. At stored energy Wo=9.4 kJ the maximum
brightness temperature in the zome of the plasma focus is ~3 eV (~35,000 K).
Maximum temperature is reached on the 6-8th microsecond of the discharge,

and corresponds in brightness to the instant of maximum compression of the
flow. Dependence of the maximum brightness temperature on electrotechnical
parameters of the discharge is shown in Fig. 5c. With increasing discharge
energy the brightness temperature of the zone of maximum compression of the
flow shows a tendency to stabilize. Comparison of this result with the power-
law dependence of spectral brightness By, ay averaged over the lateral surface
(spectral density of radiation energy E,), By, av-—Ev-Ua'“ [Ref. 10] shows

an increase in effective radiating surface of the discharge with increasing
energy input.

The space-time distribution of brightness temperature of an open plasma-
dynamic discharge is shown in Fig. 6a, b. The region of plasma compression
with radiation brightness temperature greater than 20,000 K has average dimen-
sions of ~50 mm in the axial direction, and ~6 mm in the radial direction.
Maximum brightness temperatures are reached on the axis of the flow at dis-
tances of 20-30 mm from the tip of the magnetoplasma compressor.
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Fig. 6. Distribution of brightness temperature along the

discharge axis at different times (a) and in different cross

sections of the jet at the instant of maximum current (b)
(C2Fy plasma, Wo=9.4 kJ, Ug=5 kV)

The spectral dependence of brightness of radiation and brightness temperature
of the plasma in the zone of maximum flow compression was determined by the
method of photoelectric comparison of the emission intensity of the plasma
focus and the EV-45 reference source in the visible and near-ultraviolet re-
gions of the spectrum [Ref. 27]. Measurements were made both on individual
wavelengths by using an FEU-39A photomultiplier crossed with a DMR-4 double
quartz monochromator as the radiation receiver, and over a fairly broad spec-
tral range Ahv~1 eV by using photocells with optical filters: Fl photocell
with ZhS-3 filter, Fl with UFS-2 filter, and F7 with UFS-1. Both the photocells
and photomultiplier were equipped with cathode followers to preserve the neces-
sary time resolution (At~1 us).

00 -, 650 550

2 3 ' B r
1 | 150
Iat L

to S8-2

Fig. 7. Diagram of optical measurements: 1--magnetoplasma

compressor; 2--EV-45; 3, 7, 10--diaphragms; 4, 5--achromatic

objective lenses; 6--mirror; 8--DMR-4 monochromator; 9--
FEU-39A; ll--photocell; 12--alignment laser

A diagram of the optical measurements is shown on Fig. 7. An optical system
made up of quartz achromatic objectives 4 and 5 projects a triply magnified
image of capillary 2 (or of the central zone of the plasma focus) on diaphragm
7 or through rotating aluminized mirror 6 onto diaphragm 10.

Diaphragms 7 and 10 isolate the central part of the capillary and determine
the size of the area on the surface of the plasma focus from which light is
incident on the photocell. Diaphragm 3 limits the solid angle in which radia-
tion is registered.
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Measurements on each wavelength or in a separate spectral interval were made
in two stages. On the first stage, a reference source was used to calibrate
the optical channel, the axis of the capillary being aligned by a reference
laser beam with coordinates corresponding to the coordinates of the zone of
maximum compression cof the plasma flow. On the second stage, after setting
up the magnetoplasma compressor model and evacuating the discharge chamber,
measuremaents were made. To reduce statistical scatter (ox = I(x-%)°/n(n-1))
the measurements on each wavelength were repeated at least 5-6 times. The ad-
vantage of this method of measuring the spectral brightness of radiation is
that the ratio of the signals from the reference and the investigated sources
depends only on their brightness temperatures, while the influence of geometry
and transmission of the optical system is completely eliminated. The absolute
accuracy of the given method of measuring brightness temperature is determined
mainly by the accuracy of calibrating the reference source, and is equal to

+7 in the visible region of the spectrum and *10% in the ultraviolet [Ref. 27].

By, Weem!esr~!(cm~?)-?

11

L | ! : : |
0 2 4 6 8 0 12 hy eV

! :
s00 300 200 150 120 100 A, nm

Fig. 8. Spectral brightness of central zone of plasma focus

(L=25 cm, CoFy plasma, Wo=9.4 kJ, Up=5 eV): l--measure-

ments by photomultiplier; 2--measurements by photocells; 3--

photographic measurements; 4--theoretical emission spectrum;
5--ideal blackbody isotherm with T=4.5 eV

Results of optical measurements are shown on Fig. 8. Photoelectric measurements
made by photocells and by a photomultiplier crossed with a monochromator give
similar values of spectral brightnesses, and agree well (~10%) with the results
of photometric measurements of the brightness temperature on effactive wave-
length of Agf = 430 nm (hvef=2.9 eV). The results show that as quantum energy
increases, the brightness temperature of plasma focus emission drops off.

In the visible region, the brightness temperature is 3-3.5 eV, and in the

near ultraviolet ~2.3 eV. The reduction in brightness temperature is due

to spectral dependence of the coefficient of continuous absorption of the
plasma. To confirm this, and also to determine the nature of the observed
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radiation spectrum, the authors calculated the coefficients of continuous
absorption and the emission spectrum of a fluorocarbon plasma.

In the general case, calculation of the coefficient of absorption is an ex-
tremely difficult problem since it requires accounting for different kinds

of transitions, including free-bound and bound-bound tranmsitions, whose calcu-
lation requires knowledge of exact wave functions of atoms and ions. However,
under conditions of high densities and temperatures (and it is just such con-
ditions that are of interest in developing high-intensity light sources, and
that are realized in high-current radiating discharges), due to the strong
interaction of plasma particles with each other and with radiation it is suf-
ficient to consider only continuous emission either in the hydrogen-like ap-
proximation of atoms and ions [Ref. 4, 28], or with consideration of the indi-
vidual structure of terms, by introducing additional correcting functions

or coefficients [Ref. 29].

Coefficients of decelerating and photoionization absorption were calculated

by the approximate theory of Ref. 29 based on the quantum defect method [Ref.
30, 31]. In this case, the photoionization cross sections for upper excited
states were determined by integrating the Burgess~Seaton equation [Ref. 32-
35], while calculation of the coefficients of decelerating absorption utilized
matrix elements obtained by extrapolating the matrix elements of bound-free
transitions with consideration of the specifics of free-free transitioms to
the field of multiply charged ions [Ref. 36, 37].

The overall coefficient of bound-free absorption by z-tuple ions and free-
free absorption in the field of z+l-ions takes the form

por e €~ T exp (‘—if-\l) (2 +1)%: (V) v 2N "
)l

where C=16m2¢~%/3V/3ch= const, U, and Uz4, is the statistical sum of the initial

and final ion, I, is the potential in eV of the z-tuple ion, Av is the displace-

ment of the photoicnization potential due to interaction of particles in the

plasma in eV, N, is the concentration of the z-tuple ilon in em™?, £,(v) is

a function that accounts for the specific structure of terms of the z-ion

(i. e. the deviation from the hydrogen-like approximation).

Formulas for calculating Ez(v) are given in Ref. 29, 32. For most elements
the function £,(v) is weakly dependent on plasma temperature (or completely
independent) and has a value of the order of unity. Values of the function
£(v) for atoms and ions of carbon and fluorine are given in Ref. 38. Formula
(1) is valid for frequencies less than the cutoff frequency vg equal to the
maximum threshold frequency of the photoelectric effect for excited states
that are accounted for integrally. For frequencies v> vg the coefficient

of continuous absorption is calculated by the formula

kW iyt
e x (g T) m— [ —= v, 1),
Hyp= (g, T) T (o) ( " ) +2 Knt(V, T) )

where v, 7 is the coefficient of photolonization absorption from a single
level with quantum numbers n and Z.
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Using the Saha formula, the coefficient of continuous absorption can be written
as
Av,—Al,

~_exp(v/T)
%y = 245103 W Ny 1 (4 1) exp ( ——T———) E: (V) .

Truy

&)

For a plasma of complex composition that contains ions of various multiplicity,
the absorption coefficient takes the form

Ry = Z x(v.T)ns -

'y
expvT) g~ Av.——Al ()
22 24540 N - oo L“l' (—_I‘—) Ei-1 (V) Nanza®,

T2
[

where k is the index of the chemical element, and summation is doné with re-
spect to k and z. Quantities N.» Vg and £(v) depend on k and z, while Av and
AI are assumed to depend only on z.

The coefficient of absorption with consideration of stimulated emission is
determined by the experession

xer’ =wur[1-exp(-v/ D) }. ©

By using formulas for the coefficient of deceierating and photoionization
absorption, we can evaluate the concentration of the electronic component
in the zone of magnetohydrodynamic compression of the flow from the experi-
mentally measured density of continuous radiation and plasma temperature.

The magnitude of the factor for deviation from the hydrogen-like approximation
£(v), as already pointed out above, differs insignificantly from unityl; esti-
mates of the factor exp[(Avz—, - AIz-,)/ T] show that over a wide range of
plasmn parameters in the compression zone its value changes only slightly,
being ~1.1-1.25. Therefore in a first approximation these cofactors can be
disregarded in the formula for the coefficient of absorption. Then the ex-
pression for the coefficient of overall absorption with consideration of stimu-
lated emission can be represented as

L 2450°NE vy xy. [ Nea
A ¥ e __) L dodl Y 1
1 r N,
h,:
v exp(v/T)—1 Nea
T ! N.
. Rz

where % is the effective atomic number of the ions. The quantity Zz was deter-—
mined from calculating the composition of the fluorocarbon plasma [Ref. 39].

®

>

lror ions of fluorine and carbon, £(v) at v=3 eV varies over a range
of 0.8-1.0 [Ref. 39].

106

* " FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1

FOR OFFICIAL USE ONLY

x::,"B /
8

,I
1
A
v 2%
454
A
a1 = 1—1 — 77
4
gor - /,/ =1 -
U
4
00!
g6 1 2 &« 6 W 0
Ny 10w
3
Ne- 107 Pon
40 d

L FU—
& § § T,eV

Fig. 9. Coefficient of continuous absorption of a fluoro—
carbon plasma as a function of temperature (a) and electron
concentration (b); c--brightness temperature of a plame
layer of fluorocarbon plasma with thickness of §=0.5 cm;
d--region of plasma parameters that ensure a brightness
temperature of the layer equal to 3 eV at thickness §=0.5 cm

Results of calcﬁlations of the coefficients of continuous absorption for quan-
- tum energy hv=3 eV in the temperature range of 1-10 eV and electron concen-
tration of 1018-2.101° cm™? are shown on Fig. 9a and b.

The spectral density of radiation intensity (or brightness) for a plane homo-
geneous plasma layer in the direction along the normal to its surface is

Iy Bolt cexp(- »'D ], 7)
where
Lot 1 0,62 4"

By = = . 2.grecm?
A exp () = 1 exp(oT) = | [W/(cn®+sreem™)] @

107

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1

FOR OFFICIAL USE ONLY

is the equilibrium intensity of radiation (v and T are expressed in eV), L is
the thickness of the layer. For cylindrical plasma formations, the equivalent
- thickness of & plane layer is determined by the formula 1=r1D/4.

~a Fig. 9c shows the results of calculation of the brightness temperature of
emission of a plane layer of fluorocarbon plasma of thickness 1=0.5 cm cor-
responding to the average thickness of the discharge in the compression zone,
where v=3 eV at different plasma temperatures and electron concentrations.
The temperatures of the plasma focus experimentally observed on these frequen-
cies are ~3 eV and at the anticipated plasma temperatures in the compression
cone (T<10 eV) can be realized only at electron concentrations of greater
than 10° cm~3. The region of plasma parameters Np and Te that ensure a bright-
nes temperature of radiation greater than 3 eV at the given thickness of the
plasma formation (Z=0.5 cm) and on the given frequency (v=3 eV) lies above
the curve shown on Fig. 9d. Experimental data on the plasma temperature in
the compression of a magnetoplasma compressor operating on a fluorocarbon
plasma are given in Ref. 7, 40. The electron temperature determined by the
method of self-inversion of spectral lines [Ref. 40] is Tp= 3.5-5 eV, and

it is noted that with increasing energy input to the discharge this tempera-
ture is stabilized at a level of 4.5-5 eV due to intense radiation cooling

of the plasma. Measurement of ion temperature by Doppler broadening of lines
[Ref. 40] and by registration of Mach reflection on a thin plate [Ref. 9]

as well as estimation of relaxation times have shown that maxwellization of
the plasma occurs in the zone of the focus along with equalization of the
electron-ion temperature. Existence of local thermodynamic equilibrium in
the vicinity of the plasma focus was established in Ref. 40.

Taking the plasma temperature in the zone of the focus as Te= 3.5-5 eV, we
get (Fig. 9c) the electron concentration in the plasma: (1.2—2)-1019 cm” 3.
Let us note that this is a lower estimate since consideration was not taken
of the radial distribution of electron density and temperature in the focus

zone.

The emission spectrum of a fluorocarbon plasma in the quantum energy range

of Av=0-60 eV was calculated at typical parameters of the compression zone
Te= 4.5 eV and Ne = 1.5-101° em™®. The plasma composition was determined from
solution of a system of Saha equations for sequential stages of ionization
together with equations of quasineutrality and constancy of composition [Ref.
39]. Reduction of ionization energy in the plasma was accounted for in accor-
dance with the Debye-Huckel theory [Ref. 42]. The values of statistical sums
and ionization energies necessary for the calculation were taken from Ref. 42,
and the missing data were calculated by the approximate method of Ref. 43.
Displacement of the photoionization threshold was accounted for by the ap-
proximate Ingliss-Teller theory [Ref. 44, 45]

Ava o SO0 (s I)“-*.fo'm. ev. ()

The photoionization cross sections for individually considered levels were
calculated by the Kramers formula [Ref. 28]

3

Vn
O 7.'.1.10—4'*-—4"“1»-- ( - ) (10)
(-+1)7 v

108

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1

FOR OFFICIAL USE ONLY

where n is the principal quantum number of the level, v is the minimum energy
of a quantum capable of ionizing an atom or ion that is in the n-excited state.
The coefficient of absorption is determined by the expression

(1)
wn )= N Y o,
Y

Here a, n is the relative concentration of ions of multiplicity z on level
with number n determined in the case of boltzmannian distribution by the formula

n,: I;--1 .
. .4__“"..,__(.”.(__’. i ) (12)
u,(r,al) T

where gy z» In,z are the statistical weight and ionization energy of a z-tuple
ion from level n, U,(T, AIz) is the statistical sum of the ion.

Fig. 10. Coefficients of con-
tinuous absorption (a), theo-
retical (b) and measured (by
ionization chambers (c) and
photoemission-scintillation
spectrometer (d)) emission spec-
tra of fluorocarbon plasma

Cill” *Sr *Cm

B,
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The results of calculation of coefficients of continuous absorption and the
resultant radiation spectrum of a fluorocarbon plasma are shown on Fig. 10a.
The partial fraction of ions of different multiplicity in the overall coef-
ficient of continuous absorption varies depending on the spectral range being
considered. 1In the infrared, visible and near-ultraviolet regions of the
spectrum the maximum contribution is from singly charged ions of fluorine

and carbon (~60 and ~26% respectively). In the far ultraviolet, an appreciable
role is played by double ions. The radiation spectrum of a fluorocarbon piasma
with characteristic dimension of the plasma formation 1=0.5 cm is considerably
different fromplanckian at a temperature equal to that of the plasma, which

is due to optical transparency of the plasma in the region of quantum energies
2.7<v< 31 eV (optical thickness t1,=k\l<1).

The theoretical radiation spectrum is compared with the results of optical
measurements in the visible and near-ultraviolet regionm on Fig. 8. Values

of spectral brightness of the plasma focus weasured both on individual wave-
lengths and in wide spectral intervals agree fairly well (about 20%) with
calculated radiative characteristics. The reduction in brightness temperature
of emission of the focus with transition from the visible to the near-ultra-
violet region is due to reduction in the optical thickness of the plasma.

In the region of quantum energies v~T, continuous radiation of the plasnia

is due to decelerating and photorecombination mechanisms. The contribution

of decelerating processes for the given plasma parameters in the resultant
radiation spectrum is shown on Fig. 10b. Even in the near-ultraviolet region
of the spectrum the recombination mechanisms predominate, and the plasma radi-
ation spectrum is determined mainly by photorecombination of electrons to

the upper excited states of singly ionized ions.

In the quantum energy region of 5<v<10 eV, the distribution of radiation

is measured by a photographic method using the DFS-29 parallel-incidence vacuum
spectrograph. To eliminate the influence of self-sensitivity of the photo-
graphic material to hard photons, the XUV spectra of plasma focus radiation
were registed on type ML-2 photographic film senbitized with sodium salicylate,
which has a constant quantum yield (in a range of 10-15%) in the spectral
region of 340-40 nm {Ref. 46, 47). The sensitivity of the spectrograph-
photomaterial system in relative units was determined by a pulsed continuous-
spectrum source made in exact accordance with the recommendations of Ref.

48 and calibrated with respect to brightness in the extreme ultraviolet. The
reference source is based on a pulsed electric discharge through a capillary
in vacuum. Inthiscase, the source of the continuous spectrum in the XUV

is a Lyman continuum produced by radiation of a high-pressure plasma formed
from the material of the capillary walls (polyformaldehyde) when an intense
discharge current pulse passes through the capillary. Upon satisfaction of
conditions with respect to current (L., =10 kA, Tpulse ~ 5 us) and capillary
geometry (diameter d.= 3.5 mm, length ?c= 30 mm), according to the results

of Ref. 48 the central zone of the capillary 2.5 mm in didameter is homogeneous
(with accuracy of 10%) as a light source that emits in the XUV region of the
spectrumzup to A=120 mm as an ideal blackbody with temperature T= 37,000 %
3,000 K.

2ysing the EV-39 standard, we predetermined the brightness temperature of
the capillary in the region A=250% 20 nm: T)= 37,000 + 10% K, which agrees
well with data of Ref. 48.
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In determining the relative spectral distribution of plasma focus emission

in the XUV from the known (as a result of calibrating the reference source)
sensitivity of the optical system of registration, deviation from reciprocity
law was disregarded since the difference in the duration of the emission pulse
of the light sources being compared is small. For example, the calibrated
source had an effective duration of continuous radiation of ~5 us, while the
investigated discharges had 7~ 15-20 us. It is known [Ref. 49-51] that in
this exposure time range the isc-opaque line of the photographic material

has a constant section, and deviations from reciprocity law are practically
unobserved.

Absolute calibration of spectral distribution was done with respect to the
emission brightness of the central zone of the plasma focus in the region
Av=4.35-5.0 eV registered by photoelectric methods. Fig. 11 [photo not re-
produced] shows typical XUV spectrograms of the plasma focus for various ex-
perimental conditions,’ and Fig. 8 shows the distribution of emission brightness
in the near vacuum ultraviolet obtained by spectral measurements for a plasma-
dynamic discharge on a fluorocarbon plasma. The spectra of the plasma focus
in the XUV region consist of intense cw emission and radiation lines that
belong mainly to single, double or triple ions of the material of the dielec-
tric washer of the magnetoplasma compressor; lines of elements of the electrode
materials are weakly represented in the resultant spectra. When processing
the densitometric plots of the spectra, consideration was taken of only the
continuous radiation of the plasma since the contribution to the total emitted
energy by lines in region 2> 120 nm is small. The experimental spectrum in
the quantum energy range Av=5-10 eV obtained by the photographic method cor-
relates well with the calculated spectrum; the brightness temperature of the
central zone of the plasma focus in region A= 150 nm is ~27,000 K. The drop
in intensity of radiation in the short-wave region is due to the reduction
in'optical density of the plasma, which is also confirmed by the increase

in the relative fraction of line emission in the overall discharge emission
spectrum.

The spectral density of radiation intensity of the plasma focus in the extreme
ultraviolet region was measured by open double ionization chambers filled

with spectrally pure inert gases [Ref. 22]. The region of spectral sensitivity
of the ionization chamber is determined on the long-wave boundary by the ioni-
zation potential, and on the short-wave boundary by a fall-off in the photo-
jonization cross section of the filler gas. By using inert gases, the spectral
region from 12 to 65 eV was broken down into four partly overlapping inter-
vals: 12.1-22 eV (Xe), 15.8-28 eV (Ar), 21.6-40 eV (Ne) and 24.6-65 eV (He).
Results of measurements of the spectral brightness of the central zone of

the plasma focus in the extreme ultraviolet are shown on Fig. 10c. The ex-
perimental conditions are similar to those used for optical measurements in

the visible and near-ultraviolet regions of the spectrum (Fig. 8).

To compare experimental results with the calculated emission spectrum of a
fluorocarbon plasma, the authors calculated the average values of brightness

3The emission spectra of discharges in the XUV region were taken by
S. G. Shashkovskiy and A. G. Opekan.

111

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500090006-1

FOR OFFICIAL USE ONLY

in spectral intervals corresponding to regions of sensitivity of the chamber
with different fillers

V3

1
Byep = jl?\. dv.
Va—=Vy .

Values of brightness averaged over the calculated spectrumare shown on Fig. 10b.

Comparison of the calculated emiésion spectrum of the fluorocarbon plasma (Fig.
10b) with that measured by jonization chambers (Fig. 10c) shows fairly good
qualitative agreement between calculation and experiment.

In contrast to measurements in the visible and near-ultraviolet regions, the
experimental values of spectral brightnesses in the extreme ultraviolet were
lower than the calculated levels. This is due to the difference in spatial
resolution of the ionization chamber used (Ax ~6 mm) from that of the arrange-
ment for optical measurements in the visible and near-ultraviolet regions
(Ax = 1.5 mm), resulting in averaging of brightness in the extreme ultraviolet
over a larger area of the radiating surface of _ue plasma focus.

Measurements by ionization chambers showed an increase in the brightness tem-
perature in the short-wave region of the spectrum, which may be evidence of
the presence of recombination maxima in the emission spectrum of the plasma
focus. However, the width of regions of spectral sensitivity of the chamber
does not permit registration of the position of i{ndividual emission maxima,

or determination of the specific form of spectral distribution of emission
energy in the extreme ultraviolet. For this purpose, a photoemission-
scintillation spectrometer was used to measure the relative distribution of
radiation of the plasma focus in the range of quantum energies from 10 to

350 eV. The method used was based on registration and analysis of the spec—
trum of photoelectrons knocked out of the photocathode by direct radiation

of the plasma [Ref. 52, 53]. The method of measurements and the experimental
facility are described in detail in Ref. 54. The form of the spectral distri-
bution of radiation obtained by the photoemission-scintillation spectrometer
is shown on Fig. 10d. The nature of the measured spectrum, the amplitude

of maxima and their shape (with consideration of the spectral resolution of
the instrument Av~5 eV) correspond fairly well to the calculated recombination
continuum, and also to the distribution of emission brightness measured by io-
nization chambers.

A maximum of focus emission in the region of 30-35 eV is due mainly to photo-
recombination to the ground state 3p and to the lower excited state 1p of
the first fluorine ion FII; a second maximum in the region of 20-25 eV is
due to recombination to the ground level 2p0 and to a group of lower mixed
terms “P, 2D, 2S of the carbon ion CII. Recombination maxima of the second
jons CIII and in the region v~ 45 and 60 eV did not show up in the measured
spectrum which may be due to the appreciable optical thickness of the plasma
in this range of quantum energies. The increase in optical density of
the plasma in the short-wave region of the spectrum is also associated with
the increase in brightness temperature registered by the jonization chambers
in the absorption bands of neon (T§¥—-3.9 eV) and helium (T§¥-b.2 eV). A
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distinguishing feature of the emission spectrum of the plasma focus is the
presence of a hard radiation component in the region of 100-350 eV ("super-
planckian" for Te~5 eV) registered in measuremeats by spectrometer [Ref. 54]
and bismuth bolometers [Ref. 7]. The nature of this radiation is possibly asso-
ciated with microinhomogeneities that are typical of the initial unsteady

stage of discharge in the magnetoplasma compressor.

Thus these studies show that radiation of the plasma focus is due mainly to
the recombination continuum of characteristic groups of icns that determine
the properties of the plasma, the percentage of XUV emission in the overall
spectrum of the plasma-dynamic discharge being ~70-90% as evaluated from the
results of integrated measurements by a quartz calorimeter and bolometers
[Ref. 21, 55]. By appropriately altering the chemical and ionizational compo-
sitions and parameters of the plasma in the zon: of MHD ccmpression, we can
realize fairly effective control of the radiation spectrum of a plasma focus,
which enables creation of selective sources of radiation in the far ultra-

- violet.

The spectral distribution of plasma-dynamic discharge radiation energy may

be profoundly influenced by the macroscopic structure of the plasma flow ema-
nating from the magnetoplasma compressor. This flow structure depends on

the configuration of the discharge gap, the energy conditions of operation

and the conditions of introducing the plasma-forming substance into the dis-
charge. The structural influence shows up in varying degrees of shielding

of the short-wave radiation of the plasma focus by peripheral layers of cool
erosion products that are not captured by the magnetic field of the discharge
current. Depending on the chemical composition and particle density in the
peripheral annular layer that surrounds the hot zone of the discharge, the
shielding may be in the nature of either filtration of short-wave radiation

in individual spectral intervals that as a rule are fairly narrow, or in lines,
or else an abrupt reduction (by a factor of several tens) in the magnitude of
emission intensity of the plasma focus, beginning at some cutoff wavelength,
with a simultaneous increase in the luminous output of the discharge in the
visible and near-ultraviolet regions of the spectrum. The latter is due to
rapid heating, ionization and radiation of the products of erosion as a result
of their broad-band absorption of high-energy XUV radiation of the plasma
focus. Since the radiating surface of the peripheral layer is larger than

the surface of the focus, the balance of the radiation and the absorption

in it sets in at a lower temperature, i. e. conditions are realized for trans-
formation of short-wave radiation to emission in the visible and near-UV bands.

The XUV spectrograms of the plasma focus shown on Fig. 1l [photo not reproduced]
that were obtained under different experimental conditions, illustrate the
influence that macrostructure of the plasma-dynamic discharge has on spectral
distribution of radiation energy in the short-wave region. Microphotometric
analysis of spectra shows that discharges on fluorocarbon and polyformaldehyde
plasmas (Fig. 1lb and c [photos not reproduced]) characterized by approximately
the same coefficient of utilization of material (ny g~ 0.94) have similar
emission characteristics in the XUV region, but differ considerably with re-
spect to the nature of spectral distribution of radiation from discharge in

CsI vapor (Fig. 11d), in which the coefficient of utilization of working
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substance for the given magnetoplasma compressor model and the selected energy
conditions are considerably lower than in discharges on (CH,0)p and (C2Fu)n
plasmas (Fig. 11b, c).

According to spectroscopic measurements in the region of quantum energies

Av = 4-8 eV, the CsI discharge is characterized by higher (by ~4-5 times)
energy yield of radiation than discharges on fluorocarbon and polyformaldehyde
plasmas; however, in the regicn of v>8 eV (A< 150 nm) the intensity of continu-
ous emission of the cesium iodide plasma is insufficient for exposure of the
photographic emulsion during a single discharge pulse. These data agree well
with the results of photoelectric measurements of the Integrated energy yield
of radiation of open discharges in the near ultraviolet region (Av=4.35-5 eV)
{Ref. 10] and also with measurements in the range of Av=12-45 eV made by
jonization chambers, according to which the spectral brightness of the CSI
discharge decreases in the indicated region by 30-50 times compared with the
discharge on fluoroplastic [Ref. 22].

Thus the assurance of high coefficients of utilization of working substance

is a necessary condition for eliminating effects of shielding short-wave radia-
tion and attainment of high brightness temperatures of the plasma focus in

the XUV region of the spectrum. When this condition is met, the brightness
temperature of the discharge is 1imited from above only by the true temperature
of the plasma in the zone of the focus, which can be increased by increasing
the degree of magnetohydrodynamic compression of the plasma flow as the density
of electromagnetic energy in the interelectrode gap and the zone of entrained
currents of the magnetoplasma compressor is increased. Thus, as a result

of optimizing the geometry of the discharge gap in the magnetoplasma compressor,
the energy conditions of operation and the conditions of introducing the plasma-
forming substance in the discharge, it has been possible for the first time

to reach brightness temperatures of radiation exceeding 60,000 K [Ref. 56]

in the spectral region beyond the helium ionization potential (Av= 24.6-65 eV).
Let us also note that such flux densities in the far XUV region have so far
been reached only on facilities of synchrotron type [Ref. 41]. Fig. lla shows
the emission spectrum of an optimized plasma-dynamic discharge. The steep

drop in the intensity of continuous radiation on the short-wave boundary

(A< 90 nm) recorded on the spectrogram is apparently due to an abrupt increase
in the coefficient of reflection of the aluminum coating of the diffraction
grating of the spectrograph [Ref. 46].

Let us point out one more possibility for controlling the spectral properties
of open plasma-dynamic discharges, which consists in producing plasma layers
of a given chemical composition surrounding the zone of MHD compression (in
the general case, a chemical composition differing from that of the radiating
plasma of the focus), and with given density, and hence having certain prede-
termined optical characteristics. These layers may act as plasma filters
that have "transparency windows" in individual (defined for the specific prob-
lem) spectral intervals, or totally blocking the hard radiation of the plasma
focus beginning at some quantum energy that is undesirable or even harmful
for the selected application. Technically, the realization of such layers
may be accomplished by using ablating separative sleeves in the magnetoplasma
compressor with chemical composition profiled along the radius in the zone

of tie deflagration current layer.
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